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Abstract

Inverse bicontinuous cubic (IBC) phases of lipids and their colloidal forms, referred to as
cubosomes, possess internal networks of water channels. These crystalline mesophases have attracted
considerable attention owing to their unique nanospace for the encapsulation of guest molecules.
Block copolymers (BCPs) are the versatile building block that can be used to generate well-defined
three-dimensional structures. Direct solution self-assembly of amphiphilic BCPs into IBC phases is a
promising new strategy for creating high crystalline porous polymer materials.

In this dissertation, | describe the self-assembly of dendritic-linear BCPs into IBC phases. The
dendritic isomer of second-generation benzyl ether dendrons with six water-soluble peripheral
poly(ethylene glycol) (PEG) chains was synthesized. These isomers were converted into
macroinitiators for the atom-transfer radical polymerization (ATRP) of styrene. The asymmetric block
ratio and bulky dendritic blocks drove the BCPs to form colloidal IBC phases. The internal structures
of the resulting polymer cubosomes show crystalline lattices over the long range including primitive
cubic, double diamond, and gyroid symmetries depending on the architecture of the dendritic
hydrophilic block. Functional groups on the surface of the bilayer membranes were introduced via the
coassembly of dendritic-linear block copolymers and linear block copolymers that possess an amino-
or thiol-functionalized PEG block. The surface functionalized polymer cubosomes showed successful
internalizing of large protein complex such as horseradish peroxidase (HRP).

Furthermore, | devised a new method of solution self-assembly by diffusion of water to the block
copolymer solution, which results in the unperturbed formation of mesoporous monoliths with large
pore networks weaved in crystalline lattices. The internal networks of large pores within the
mesoporous monoliths used as a platform to accommodate guest molecules such as streptavidin and
mCherry. The monolith is also used as a scaffold for the synthesis of three-dimensional (3D) skeletal
structures of crystalline titania and hierarchically mesoporous silica.

The phase of the self-assembled structures of the branched-linear BCPs was controlled ranging from
bilayer structures of positive curvature to inverse mesophases by adjusting the solvent used for self-
assembly. Dimethylformamide (DMF) is a pseudo-theta solvent for polystyrene, in which PS adopts a
reduced chain dimension compared to the value of the same PS dissolved in dioxane. The
morphological transition of self-assembled structures from vesicles to IBC structures and inverse
hexagonal phases were fully observed as a result of an increase in the portion of DMF in the solvent
mixture. A similar transition also occurred in the formation of mesoporous monoliths.

The internal structure of polymer cubosomes exhibits double networks of water channels. However,
the interfacial topology of polymer cubosomes renders one of the two non-intersecting pore networks

to be inaccessible to diffusion. The connectivity of the open surface pores was studied by 3D



tomogram of the polymer cubosomes. This topological feature forces the external guests to enter only
into the open cubic channel network within the polymer cubosomes. By backfilling the polymer
cubosomes with the silica and titania precursor, the single network cubic structure was replicated from

the IBC structures.
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List of figures

Figure 1-1. ATRP of block copolymers containing a linear or dendritic PEG hydrophilic block. The
molecular weight of the PEG segment is fixed at ca. 3000 g mol™ (Ref. 16).

Figure 1-2. The effect of the packing parameter on the structures of assemblies formed (Ref. 17).

Figure 1-3. TEM images of micelles and polymersomes formed by self-assembly of PEG-b-PBOx in

water. (a) Spherical micelles of 3. (b) Cylindrical micelles of 4. (c) Polymersomes of 7 (Ref. 18).

Figure 1-4. Multiple morphologies of the crew-cut aggregates from PS-b-PAA block copolymers of (a)
200-b-21, (b) 200-b-15, (c) 200-b-8, and (d) 200-b-4 (Ref. 19).

Figure 1-5. Cryo-TEM and 3D intensity profile of assembled structures from various dendrimers. (a
and d) Polygonal dendrimersomes. (b and e) Bicontinuous cubic particles. (c and f) Micelles. (g and j)
Tubular dendrimersomes. (h and k) Rodlike, ribbon and helical micelles. (i and I) Disklike micelles
and toroids (Ref. 21).

Figure 1-6. Molecular shape and type of amphiphilic self-assemblies. (In figure, y is same expression
of P, packing parameter) Double headed arrows indicate the range of most preferred geometries.
Monoolein (type 2) shows lamellar, bicontinuous cubic-Pn3m and la3d phases, hexagonal (H) and
fluid isotropic (L,) phases in the presence of water. Additional structures are also shown by monoolein

but in presence of additives (Ref. 8).

Figure 1-7. The three minimal surfaces, D, G, and P, that represent the three inverse bicontinuous

cubic morphologies found in block copolymers and amphiphiles/water systems (Ref. 34).

Figure 1-8. Representation of the internal two uniform networks in three bicontinuous cubic
morphologies, D, G, and P (Ref. 34).

Figure 1-9. Cryo-TEM micrographs of dispersed particles from the cubic phase of monoolein and
Poloxamer 407 in water. (a) 7.4 wt% polymer to lipid. Faceted cubic particles showing a clear
crystalline structures of Im3m (lattice constant, a = 13 nm). (b) 4 wt%. Particles showing hexagonal

symmetry which is same projection of the (111) planes of the Pn3m (a = 9.6 nm) (Ref. 36).
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Figure 1-10. Representative cryo-TEM micrographs and Fourier transforms of lipid nanoparticles. (a-
d) GMO/Poloxamer 407/water system. Im3m phases viewed along [001] and [111] directions (lattice
constant, a = 12.9 nm). (e, f) DGMO/GDO/P80/water system. Sponge phase. (g, h)
DGMO/GDO/Poloxamer 407/water system. Inverse hexagonal phase (lattice constant, a = 5.5 nm)
(Ref. 37).

Figure 1-11. 3D organization of the liquid crystal region inside cubosomes. (a) Sequence of images
extracted from the tomogram along the z direction. The alternate position of network indicating the
sequence of the channels. (b) Original tomogram and its 3D reconstruction showing the unit cells. (c)
Extract of the tomogram showing one of the two water channel network. (d, €) Top and side view of

the filtered 3D reconstruction where the pores belonging to the two networks are indicated (Ref. 38).

Figure 1-12. TEM analysis of aggregates of double-comb block copolymers. (a) A TEM image using
negative staining. (b) Cryo-TEM image. (c) Sequence of z slices showing different cross sections.
(D,E) Visualization of the segmented volume showing (d) a cross section of aggregate and (e) a view
from within the hydrated channels (Ref. 39).

Figure 1-13. Chemical structure and TEM analysis of PEGsy-b-PODMA,; aggregates. () Cryo-TEM
image at 4 °C. (b) Gallery of z slices showing different cross section. (c) Regenerated 3D visualization
showing only an inner section of the whole structure. (d) Skeletonization of ¢, showing interconnected
structures (Ref. 11).

Figure 1-14. SEM micrographs of the top surface of PS-PLA thin films show that evaporating toluene
slowly produces a parallel orientation, while rapid evaporation aligns the cylinders in a perpendicular
orientation (Ref. 40).

Figure 1-15. SEM images of the cross-sectional morphology of the asymmetric PS-b-P4VP diblock
copolymer film at different magnifications. The scale bars correspond to (a) 20 um, (b) 1 um, and (c)
0.5 um (Ref. 41).

Figure 1-16. Schematic of SIM?PLE procedure and characterization of PS-b-PEO + 0-PEO
hierarchically porous material cast at 100 °C. (a) Low magnification and (b) high magnification SEM
images of a fractured cross-section. Tick marks indicate expected peak position for Pn3m symmetry.
(c) SAXS traces of the as-cast film and films after 0-PEO removal. (d) TEM tomographic

reconstruction of cubic mesostructures (Ref. 42).
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Figure 1-17. Scheme of two representative synthesis routes for ordered mesoporous materials. (a)

Soft-templating method. (b) Hard-templating (nanocasting) method (Ref. 44).

Figure 1-18. Schematic representation of sample fabrication and SEM image of a metal gyroid. The
isoprene block (blue) is removed and is then back-filled with gold (yellow). The final structure is

obtained by plasma etching (Ref. 50).

Figure 1-19. Anatomy of the structural color-producing nanostructures in (a-c) lycaenid and (d-f)
papilionid butterflies. (a, d) Light micrograph of wing cover scales. (b, €) SEM and (c, f) TEM images
of surfaces and nanostructures of scales. Insets show simulated (b) (111), (c) (310), (e) (110), and (f)

(211) projection of single gyroid structures.

Figure 2-1. Chemical structures and schematic diagrams of dendritic-linear block copolymers and
their self-assembly. (a) Chemical structures of block copolymers 1, and 2, constructed from the two
isomers of benzyl ether dendrons that possess peripheral PEG chains at the 3,5-positions (1,) and 3,4-
positions (2,) of the outer phenyl groups, and 3, and 4, built from dendritic blocks that consist of two
peripheral 3,4,5-PEG-benzyl ether units at the 3,5 (3,) and 3,4 (4,) positions of the central benzy! unit.
The subscript n denotes the DP of the PS block. (b) A schematic representation of the self-assembly
of dendritic-linear block copolymers into polymer cubosomes in dilute aqueous solution. The lattice
diagrams at the bottom show bicontinuous cubic internal structures of the polymer cubosomes (Im3m,
Pn3m and la3d) investigated in this study. For clarity, the bilayers that surround the water channels
are omitted. The green- and red-colored regions indicate two non-intersecting networks of water

channels within the bicontinuous structures.

Figure 2-2. TEM images of self-assembled structures from the suspension solution of 1gs. (a) Flat

lamella structures. (b) Folded lamella structures.

Figure 2-3. (a) Size distributions and (b) autocorrelation functions of the suspensions of 1,17 and 2.

The average diameter of 1,57 and 2,3 were 6.2 um (dispersity 0.27) and 7.9 um (0.22), respectively.

Figure 2-4. Representative SEM and TEM images of the polymer cubosomes. (a) TEM images
showing the internal structure of the polymer cubosomes of 1,7 (left). The magnified view of the
internal structures and the fast Fourier transform (FFT) (inset) show a cubic (Im3m) lattice viewed in
the [111] direction (right). (b) TEM images of polymer cubosomes of 2,,5. The right image shows the
view of a double diamond (Pn3m) lattice viewed in the [001] direction and the FFT of the image. (c, d)

Low-magnification SEM images of polymer cubosomes of 1,57 (¢) and 2,15 (d). (€) SEM image of the
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polymer cubosome of 1,;; showing a spherical morphology and the perforated shell enclosing the
internal bicontinuous structure. (f) SEM images of the polymer cubosomes of 2,;3. The inset shows a

magnified view of the surface pores (scale bar, 100 nm).

Figure 2-5. (a, b) SEM and (c, d) TEM images showing the perforated lamellar shell structures of the
polymer cubosomes of 1,;. Arrows indicate the thicknesses of the lamellar shells (14.7 nmin c, 14.9

nm in d).

Figure 2-6. Structural analysis of the polymer cubosomes. (a) HR-SEM image of the bicontinuous
cubic internal structure of the polymer cubosome of 1,17 having a primitive cubic (Im3m) lattice. The
internal structures were observed from the fractured polymer cubosomes during the sample
preparation. The views in the [100], [110] and [111] directions are highlighted by white squares. (b)
HR-SEM images of a double diamond (Pn3m) internal structure of the polymer cubosomes of 23
Views in the [111] and [100] directions are highlighted by white squares. The inset shows a view in
the [110] direction (scale bar, 200 nm). (c) The SAXS result of the dried polymer cubosomes of 1,7,
which indicates the primitive cubic (Im3m) lattice (lattice parameter, a = 93.4 nm). (d) The SAXS
result of the dried polymer cubosomes of 2,13 shows the double diamond (Pn3m) lattice (a = 49.5 nm).
(e) N adsorption-desorption isotherms of the dried polymer cubosomes of 1, (filled circles) and 2,3

(open circles) measured at 77 K. a.u., arbitrary units; STP, standard temperature and pressure.

Figure 2-7. BJH pore size distributions of polymer cubosomes of (a) 1,7 and (b) 2,13.

Figure 2-8. Surface pressure to molecular area (n-A) isotherms of a linear block copolymer and

dendritic-linear block copolymers at 300 K.

Figure 2-9. Polymer cubosomes of 3,:3. (a, b) HR-SEM images showing the internal double-gyroid
structures of the polymer cubosome of 3,3 viewed in the [111] (a) and [110] (b) directions. (c) SAXS
results of dried polymer cubosomes of 3,,3. Peaks were assigned to la3d symmetry (a = 82.3 nm). (d)
N, adsorption-desorption isotherms of the dried polymer cubosomes of 3,3 measured at 77 K (BET

surface area 99 m® g, pore volume 1.16 cm® g™).

Figure 2-10. SAXS result of the dried polymer cubosomes of 4,,, assigned to the bicontinuous cubic
(Pn3m) lattice.

Figure 2-11. TEM images of self-assembled polymer vesicles of PEGs5-PS7.



Figure 2-12. (a-c) TEM images and (d) size distributions of polymer cubosomes of 1,; observed
from the quenched suspensions at various water contents (a, 15%, b, 30%, and c, 50%). Size
distributions measured by DLS experiments indicate that the particle sizes are not correlated to the

water content during self-assembly.

Figure 2-13. SEM images of polymer cubosomes of 1,3, and 2,4s. (2, b) SEM images showing the
emergence of inverse hexagonal phase in the polymer cubosomes of 1,3,. (¢) The polymer cubosomes

of 2,45. (d) The inverse hexagonal phase within the polymer cubosomes of 2,4s.

Figure 2-14. SEM and TEM and Gas adsorption profile of self-assemble structures of 1, in the
presence of homo PS (10% w/w) as an additive. (a) SEM image showing spiral-shape aggregates. (b)
SEM images showing the inverse hexagonal phase (up) and the cross section of hexagonally packed
channels (down). (¢) TEM images of aggregates. The inset shows hexagonally packed channels. (scale
bar = 50m) (d) TEM image showing the long-range order of inverse hexagonal phase. (¢) N2
physisorption isotherms measured at 77 K. (BET surface area 27.3 m? g, pore volume 0.12 cm® g™*.).

The inset shows the BJH pore size distribution (the mean pore diameter 17.4 nm).

Figure 2-15. Representative SEM images of the polymer cubosomes of 1,17/NH,-PEG,5-PS;19 (10%

wiw).

Figure 2-16. Surface-functionalized polymer cubosomes obtained from the coassembly of 1,;; and
NH,—-PEG45—PS;10 (10% w/w). (a) SEM image and (b) HR-SEM image showing the surface pores of
the polymer cubosomes. (c, d) TEM images showing the internal structures of the polymer cubosomes.

(e) 3D reconstructed images of CLSM of the polymer cubosomes after the reaction with Rho-NHS.

Figure 2-17. Surface-functionalized polymer cubosomes. (a) CLSM images of polymer cubosomes of
1517 and NHy—PEG5—PS,1o/SH-PEG45—PS,10 (equimolar mixture, 8% wi/w) after selectively labelling
SH groups with F-MI (e = 492 nm, Ae, = 518 nm, left (ex, excitation; em, emission)) and NH,
groups with Rho-NHS (Aex = 564 nm, Xy = 589 nm, center). The merged image confirmed the
presence of both functional groups in the same polymer cubosome (right). (b) CLSM image of
fluorescein-labelled streptavidin within the biotin-labelled polymer cubosomes of 1,17/ NH,—PEGs—
PS,10 (10% w/w). (c) Time course plots of the absorption of radical cation of ABTSe" oxidized by free
(black line) and HRP—cubosomes (red line) of 1517/SH-PEG5—PSy0 (7% w/w). Free HRP or HRP-
cubosome was mixed with a solution containing 1.6 mM ABTS and 0.125 mM H,0O, in phosphate
buffer (pH 7.4). The absorbance was measured at 740 nm. The green trace indicates the background
absorption of ABTS and H,0, in the absence of HRP.
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Figure 2-18. 1H NMR spectra of dendritic macroinitiators (R = CH3(OCH,CH,),)

Figure 2-19. MALDI-TOF spectra of macroinitiators 1,2,3, and 4.

Figure 2-20. *H NMR spectra of dendritic-linear block copolymers.

Figure 3-1. SDEMS of dendritic-linear BCPs. (a) Chemical structures of dendritic-linear BCPs used
in this study. The subscript indicates the average number of repeat units in the PS block. The weight
fraction of the PEG domain is 9.3% for 1,;; and 9.4% for 2,13. (b) Schematic illustration of SDEMS

process and the monolith consisting of the IBC structures of the BCP bilayers.

Figure 3-2. SEM images of (a) the cross-section, (b) the top portion, and (c) the bottom side views of

the monolith from 1,,; after premature quenching of the self-assembly:.

Figure 3-3. SEM images of polymer cubosomes prepared from the dilute dioxane solution (1 wt%) of
1,:7 under SDEMS condition. The average diameter of cubosomes is ~ 6.6 um. The outer surface of

the cubosomes shows the porous structure from the perforated lamella.

Figure 3-4. Structural characterization of the monolith of 2,,3. (a) SEM images of the top layer of the
monolith showing a perforated polymer layer having evenly distributed nanopores (~10 nm) in a long
range. Scale bar, 1 um. The inset shows a photograph of the polymer monolith of 2,3 prepared on a
glass substrate (2.5 cm diameter, scale bar, 1 cm). (b) SEM image of the cross-section view of the
monolith. Scale bar, 20 um. The part highlighted by squares was magnified to show detailed
morphology of the top and bottom edges (insets, scale bars, 500 nm). (c—e) SEM images of the
internal crystalline structures of the monolith of 2,,; of a Pn3m lattice showing views at [100] (c),
[110] (d) and [111] (e) directions. Scale bars, 300 nm (c—e). (f) SAXS results (5-60 min) by time-
interval quenching of the self-assembled structures by immersion of the monoliths of 2,5 in liquid N..
Black line indicates the SAXS pattern obtained by SDEMS without quenching by N,. The peaks were
indexed to Pn3m symmetry. (g) N, adsorption—desorption isotherms of the monolith of 2,,5. The inset

shows the BJH pore size distribution peaked at 37 nm.

Figure 3-5. Structural characterization of the monolith of 1,7. (a-c) SEM images of the top perforated
layer of the monolith from 1,;;. The top layer of the monolith consisting of perforated BCP layer
exhibits an array of nanopores (~10 nm diameter) over the entire top surfaces (8.5x10° pores cm™). (d)

SAXS data showing the mixed phases of Im3m and Pn3m. Black and red arrows respectively indicate

Xi



a primitive cubic lattice (Im3m) and double diamond lattice (Pn3m). (¢) SEM image for the monolith

of 1,,; at the [100] projection of Im3m.

Figure 3-6. Time-course SEM analysis of mesoporous monoliths from 2,5 after quenching at (a) 10
min, (b) 15 min, (c) 20 min, (d) 25 min, (e) 30 min, and (f) 60 min during SDEMS (scale bars, 500

nm). The regular structures of Pn3m were gradually evolved.

Figure 3-7. (a) The photograph shows the polymer monolith of 2,15 on a glass slide (25 cm?). (b) The
cross-section view of SEM indicates the thickness of the monolith is ~ 400 pum. (c) The top-surfaces
of macroporous portions showing perforated bilayers. The inset shows a regular pore arrangement. (d)

All other portions showed the regular structures of Pn3m, as shown in the SEM image.

Figure 3-8. SAXS data and SEM images of the co-assembled polymer monoliths of 2,15 / NH,-
PEG5-PS;10 (93:7 w/w in dioxane). (a) The SAXS result of the co-assembled polymer monoliths
shows double diamond (Pn3m) lattice (a = 63.2 nm). (b) SEM image of a cross section of the
functionalized monoliths. (¢) High-magnification SEM image of internal structure shows a double

diamond lattice viewed in the [111] direction.

Figure 3-9. (a) Schematic illustration of surface functionalization of the monolith of 2,13/NH,-PEGs-
PS210 (93:7 w/w in dioxane) with protein complexes. The biotinylated monolith was complexed with
fluorescein isothiocyanate-labelled streptavidin homo-tetramer. mCherry-biotin fluorescent protein
was further assembled with the streptavidin on the surface of the monolith. Excess proteins was
removed by rigorous washing procedures. (b) CLSM images of the biotinylated monolith of 2;,3/NH,-
PEG5-PS;10 (93/7 wiw) after binding of fluorescein isothiocyanate-streptavidin (Aem = 519 nm, left of
panel). Subsequent binding of biotinylated-mCherry fluorescent protein (Aen = 610 nm, center of
panel) showed cherry-colored fluorescence. Two images were merged (right of panel). The image was
taken from 127x127x34 um (width/height/depth) region near the top surface of the monolith. Scale
bars, 40 um. (c) Axial intensity profile of CLSM images along the optical axis was recorded from X, v,

z image stacks, revealing the distributions of proteins.

Figure 3-10. 3D skeletal inorganic nanostructures replicated from the monolith of 2,13. The monoliths
of 2,13 were used as templates for the fabrication of 3D skeletal porous inorganic nanostructures. The
monoliths were immersed in each precursor solutions and excess solutions were removed before the
calcination. mS-SiO, was schematically drawn to represent the hierarchically porous structure in
which hexagonally ordered nanopores were incorporated into the skeletons consisting the self-

supporting networks.
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Figure 3-11. Photocatalytic porous TiO, nanostructures replicated from the monolith of 2,55. (a, b)
SEM images of S-TiO, synthesized within the mesoporous monolith of 2,5. Scale bars, 300 nm. The
inset in (a) shows a photograph of S-TiO, monolith. (scale bar, 5 mm). (c) EDS (Energy-dispersive X-
ray spectroscopy) mapping of S-TiO, replicated from the monolith of 2,,3. Scale bars, 50 nm. (d) X-
ray diffraction data of the anatase TiO, skeletons consisting of the skeletal nanostructures. The inset
shows a TEM image of the lattice structures of anatase TiO, skeletons. (e) Comparison of the
photocatalytic activity of S-TiO, with that of bulk TiO, under the same experimental conditions. The y
axis indicates the optical density of the methylene blue solution, whereas the x axis indicates the

ultraviolet light irradiation time.

Figure 3-12. (a-b) Bright filed TEM images and (c) high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of S-TiO,. (d-f) SEM images of S-TiO;
showing the shift of bicontinuous phase to single diamond network. (g) The SAXS result of S-TiO,

shows single diamond (Fd3m) phase.

Figure 3-13. N, adsorption-desorption isotherms of S-TiO.,.

Figure 3-14. Hierarchically porous SiO, skeletal nanostructures replicated from the monolith of 2.
(@) SEM image of the cross-section view of mS-SiO,. The inset shows a photograph of the SiO,
replica (scale bar, 5 mm). (b, c) SEM images of mS-SiO,. Scale bars, 500nm (a, b) and 100nm (c). (d—
f) TEM images of mS-SiO; replicated from the monolith of 2,,5. Scale bars, 100 nm (d, €) and 20nm
(F). (@) SAXS results of the monolith of 2,,5 (black, a = 51.7 nm) used as the template and mS-SiO,
(red, a = 75.8 nm). The peaks were assigned to Pn3m (black line) and Fd3m (red line) symmetries,
respectively. (h) SAXS result of hexagonally ordered nanopores residing in the mS-SiO, (a = 3.58

nm). (i) N, adsorption—desorption isotherms of mS-SiO,.

Figure 3-15. (a) Bright field TEM and (b) STEM image of the mS-SiO, replicated from the monolith
of 2,15 showing the hexagonally ordered nanopores within the skeleton. (c, d) SEM images mS-SiO,

of at various projections showing shifted networks to form single diamond phase.

Figure 3-16. (a) Micro- and (b) meso-pore size distributions by the Horvath-Kawazoe (HK) and BJH

methods on a N, adsorption-desorption isotherm of the mSiO,-Fd3m.

Figure 4-1. (a) A simple phase diagram of self-assembly of PEG550;3-PS,, from dioxane solutions. (b—
e) SEM images of the polymer cubosomes of (b) PEG5503-PS;y; (foeg = 7.5%) and (d) PEG5503-PSys;
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(foec = 6.9 %). The insets show the perforated surface layer of the polymer cubosomes (scale bars, 200
nm). SEM images of the internal structures of the polymer cubosomes of (c) PEG550;3-PS,;; showing
[100] projection of Im3m and (e) PEG5503-PS,3; showing [111] projection of Pn3m. (f) TEM image
of the polymersomes of PEG5503-PS;77 (feec = 8.9 %). (g) SEM image of the hexasomes of PEG550;-

PS.g3 (feec = 5.6 %). The inset shows the internal H,, structure (scale bar, 200 nm).

Figure 4-2. SAXS results of (a) PEG550;-PS;;; (Im3m, a = 82.5 nm), (b) PEG5505-PS;3; (Pn3m, a =
47.9 nm), and (¢) PEG5503-PS,g3 (H);, a = 28.8 nm).

Figure 4-3. SEM and TEM images of self-assembled structures of PEG5505-PS,y; by using THF as a
common solvent. (a and c¢) Fully developed polymer cubosomes as a majority. (b and d)

Polymersomes and sponge phase particles as minor structures.

Figure 4-4. (a—e) TEM and SEM images of the self-assembled structures of PEG5505-PS;7; prepared
from the dioxane/DMF mixtures at varying ratios: (a) 0 vol% DMF (vesicle), (b) 2 vol% DMF
(vesicles, polymer cubosomes), (¢) 5 vol% DMF (Im3m + Pn3m), (d) 8 vol% DMF (Pn3m), and (e)

15 vol% DMF (Hy;). The inset in (e) shows the internal hexagonal structures (scale bar, 200 nm).

Figure 4-5. TEM images of self-assembled structures of PEG2000-PSyg, in various mixtures of
dioxane and DMF: (a) 0 vol% DMF, (b) 2 vol% DMF. (c) 5 vol% DMF, and (d) 8 vol% DMF.

Figure 4-6. (a—c) SEM images of the internal structures of the polymer cubosomes of PEG550;-PS; 7
prepared from (a) 5 vol% DMF in dioxane showing the [100] projection of Im3m, (b) 8 vol% DMF in
dioxane showing the [111] projection of Pn3m, and (c) 15 vol% DMF in dioxane showing the cross-
section view of the inverse hexagonal phase. (d—f) SAXS results corresponding to the polymer
cubosomes in (a—c): (d) Mixed phase of Im3m and Pn3m symmetries (a = 61.5 nm (Im3m) and 48.0

nm (Pn3m)); (e) Pn3m symmetry (a = 46.0 nm); (f) P6mm (H,;) symmetry (a=27.7 nm).

Figure 4-7. (a, c, e) Low-resolution SEM images of the cross-section of the mesoporous films of
PEG5505-PS,;7 prepared by the SDEMS method using DMF/dioxane mixtures as a common solvent.
() 0 vol% DMF, (c) 10 vol% DMF, and (e) 15 vol% DMF. (The insets show the top layer of the films;
scale bars, 500 nm). (b, d, f) High-resolution SEM images of the films of (), (c), and (e). (b) Stacked
lamellae, (d) Pn3m symmetry (a=50.6 nm), and (f) P6mm symmetry (a=29.3 nm).

Figure 4-8. SAXS results of the mesoporous monoliths of PEG550;-PS,;; prepared by the SDEMS
method from (a) 10 vol% DMF in dioxane (Pn3m, a = 50.6 nm), and (b) 15 vol% DMF in dioxane
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(P6mm, a =29.3 nm).

Figure 4-9. Schematic illustration for preparation of the mesoporous film of PEG5505-PS,.

Figure 5-1. SAXS results of the polymer cubosomes of (a) PEG5503-PS;50 (Im3m, a = 60.7 nm) and
(b) PEG5503-PS165 (PN3m, a = 45.2 nm). The insets show first diffraction peak position of Im3m and

Pn3m. Double headed arrows indicate the full width at half-maximum of the peak (Aq).

Figure 5-2. Low-magnification SEM images of polymer cubosomes of (a) PEG550s-PS;5 and (b)
PEG5503-PS gs.

Figure 5-3. SEM images of polymer cubosomes of (a, ¢c) PEG5505-PS;50 showing Schwarz P surface
and (b, d) PEG5503-PS165 showing Schwarz D surface.

Figure 5-4. (a) Reconstructed 3D image of the polymer cubosome of PEG5505-PS;5,. (b) Schematic
illustration of Schwarz P surface (Im3m, [100] direction) and Schwarz D surface (Pn3m, [111]
direction). The red- and green-colored regions indicate two non-interpenetrating networks of water
channels. (c-f) SEM images of the surface layer and internal structure of polymer cubosomes of (c, d)
PEG5503-PS;s50 and (e, f) PEG5503-PSy45. Squares and diamonds indicate the open channels (red color)

and closed channels (green color) to the surrounding.

Figure 5-5. (a) Sequence of images extracted from the reconstructed 3D image of the polymer
cubosome of PEG550;-PS;50along the z direction. Red- and green-colored areas indicate the open and
closed channel of the polymer cubosome. The inset shows merged image of two non-intersecting
cubic channels. (b) Reconstructed 3D images of cutting plane of membranes (left), inverted image
showing internal networks (middle), and merged image (right). The red arrows show the pore

accessibility of the open channel.

Figure 5-6. SEM images of the silica replica of the polymer cubosomes of PEG5503-PSs. (a) Low-
magnification SEM image showing spherical SiO, particles. (b, c) High-magnification SEM images

showing silica framework on the surface of the replicated structures.

Figure 5-7. Normalized SAXS results of the polymer cubosomes (black line) and SiO, replicas (red
line). (a) PEG5505-PS50 (IM3m, a = 60.7 nm, Pm3m, a = 56.5 nm). (b) PEG5503-PS;s (PN3M, a =
45.2 nm, Fd3m, a = 90.7 nm). The colored lines correspond to the expected peak position for different

space groups. The numbers above the graph are squares of the moduli of the Miller indices (hkl) for
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each space groups.

Figure 5-8. Electron micrographs of internal single networks of SiO, replicated from polymer
cubosomes of PEG5505-PS,; (a-c) PEG5503-PS;s, (d-f) PEG5505-PSyes. (2, b) SEM and (c) TEM
images showing a single network of simple cubic lattice having six-fold nodes. (d, €) SEM and (f)

TEM images showing a single network of single diamond lattice having four-fold nodes.

Figure 5-9. SEM images of TiO, frameworks replicated from the polymer cubosomes of PEG550;-
PS]_SO.
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Chapter 1. Introduction

1.1 Overview

Porous polymers with well-defined reticulated pores and large specific surface areas have attracted
considerable attention owing to their ability to combine the desirable structural features of well-
defined inorganic porous materials with the robust physical properties of polymers. The well-defined
internal porosity of these materials can be applied to guest encapsulation and templating. In addition,
further functionality can be introduced by incorporation of functional group onto the surface of the
porous structures. Such materials can be utilized in applications involving drug delivery, water
purification, catalysis, and separation.”® Depending on the method of synthesis, the internal space
within porous polymers can adopt a two-dimensional (2D) or a three-dimensional (3D) network
structure.

Block copolymers are versatile building blocks that can be used to generate well-defined 3D
structures. However, the direct self-assembly of block copolymers into porous structures remains an
on-going challenge. Currently, most porous polymer materials are prepared through the removal of
one block type after the microphase separation of block copolymers in bulk.” This method is limited
by the fact that the size of the pores depends on the length of the polymer chain removed after the
phase-separation.

In the past, the self-assembly of simple lipids such as glyceryl monooleate (GMO) into interesting
inverse bicontinuous crystalline phases in an aqueous solution has been reported from a binary
mixture of GMO and water.® These mesophases and their colloidal forms, referred to as cubosomes,
have an infinite network of water channels, which can be used as nanospace for the encapsulation of
guest molecules. Unlike the bulk assembly, the pores are relatively large despite the small molecular
weight of lipids. Nevertheless, the small molecular weight of lipids limits the stability and pore size
(~20 nm) of the assembled structures.®

From this perspective, the formation of inverse bicontinuous phases through the self-assembly of
block copolymers represents an attractive goal. Block copolymers have higher molecular weights than
lipids, and the self-assembled structures produced from block copolymers are, therefore, expected to
possess improved stability, with morphologies that are larger in size than those afforded by lipids.'
Thus, block polymers can permit the construction of larger water channel networks, which are more
applicable than lipid cubosomes. In agueous solutions, amphiphilic block copolymers self-assemble
into many forms that exhibit tendencies similar to those of structures assembled from lipids.
Amphiphilic block copolymers can be synthesized by covalently connecting the hydrophilic block and

the hydrophobic block. In addition, amphiphilic block copolymers that incorporate monomers with



different chemical properties can be used to control the self-assembly process and to give structures
with desired functionalities.

Recently, a structure similar to that of lipid cubosome has been reported through the self-assembly
of a macromolecule with structural specificities."* However, a practical framework for understanding
and predicting the conditions required for the creation of inverse structures such as cubosomes has not
been developed to date. Therefore, finding the self-assembly conditions that would permit direct
formation of polymer cubosomes, which could be employed as porous polymer materials in various
fields of applications, remains a fundamental challenge.

Through the careful design of the self-assembly process, it is possible to synthesize not only
spherical colloids but also thin films or monoliths that possess internal mesoporous structures. The
main objectives of this thesis are to develop a synthetic method for the fabrication of mesoporous

polymer materials and to evaluate their potential applications.

1.2 Synthesis of amphiphilic block copolymers

Amphiphiles such as phospholipids, which form bilayers in living cells, are chemical compounds
that possess both hydrophilic and hydrophobic properties. Many lipids are capable of self-assembling
into structures with different morphologies in agueous solutions. One of the driving forces for this
self-assembly is the hydrophobic effect, which acts to minimize the interface between the
hydrophobic portion of the amphiphile and polar water molecules. Therefore, amphiphilic block
copolymers that incorporate covalently linked hydrophobic and hydrophilic blocks can exhibit self-
assembly behavior that is similar to that of lipids in aqueous solutions.

Atom transfer radical polymerization (ATRP) is a widely used synthetic method for the preparation
of block copolymers with relatively uniform and low molecular weight distribution.*? In this method,
the total molecular weight and the ratio of the two sub-units used to construct the block copolymer
can be controlled by varying the amounts of the monomer and the initiator used in the polymerization
reaction. Depending on the synthesis method, this control over reaction conditions can facilitate the
synthesis of block copolymers that adopt various shapes, ranging from dendrimers, stars, and grafts,
to linear shapes.**™ For example, Kim and coworkers reported the synthesis of dendritic-linear block
copolymers and their subsequent self-assembly in aqueous solution.”® In this work, peripheral
poly(ethylene glycol) (PEG) chains were introduced into benzyl ether dendrons to make
macroinitiator. Next, the block copolymers were synthesized polymerization of hydrophobic

polystyrene in the presence of these macroinitiators under ATRP conditions (Figure 1-1).



e AL

Ry

Ry g#— D Cuille, BMOETA O T
w [a] * —————i Ry i o Hr
. Er [ anisohe, 05 °C r o

Ay = CHyO(CHCHy D)oo IPEG,MPS, R -~
- Ry = CHyO{CHICH O

By

4

;.
O ]
R )
’ o—% :,':-—\ o
" [+
. {O ﬁ...ﬂ, Rz .
Ry Dz R
R. ,-D-J'\"-] Ry = CHy{CHCHLO)y
By B |
R,
Ay = CHLOCHLOH O, S(PEGPS, =,

Figure 1-1. ATRP of block copolymers containing a linear or dendritic PEG hydrophilic block. The
molecular weight of the PEG segment is fixed at ca. 3000 g mol™ (Ref. 16).

1.3 Self-assembly of block copolymers in solution

In the bulk state, block copolymers with immiscible blocks self-assemble into nanostructures
through microphase separation. In aqueous media, unlike in the bulk state, more complicated
assembly behavior that depends on the nature of the solvent is often exhibited. Perhaps the most
typical method used to drive the self-assembly of block copolymers in solution is known as the co-
solvent method.' In this method, a block copolymer is first dissolved in an organic solvent that is
suitable (i.e., common) for both the hydrophilic and the hydrophobic block. Subsequently, an equal
amount of water, which is a non-solvent for the hydrophobic block, is slowly added. During the
process, aggregation occurs to minimize the contact area that consists of the atoms of the hydrophobic
block in contact with the molecules of water. Therefore, the hydrophobic blocks aggregate with each
other, while the hydrophilic blocks remain exposed to water. After a few hours, the organic solvent is
removed by dialysis against water to afford the final self-assembled structure.

When amphiphiles self-assemble in solution, the morphology of the resulting self-assembled
structures is determined by the geometric shape of the amphiphile. The critical packing parameter P
(P = v/agl, where v is the volume of the hydrophobic domain, a, is the effective area of the hydrophilic
head, and | is the effective length of the hydrophobic chain) is a numerical representation of the
geometric shape of a molecule.’” If P is lower than 1/3, a cone-like geometry of the amphiphile will
guide the formation of micelles in aqueous solution. As the P value increases, the morphology

transforms gradually to a cylindrical shape, lamella, and vesicles (Figure 1-2).
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Figure 1-2. The effect of the packing parameter on the structures of assemblies formed (Ref. 17).

The packing parameter theory applies not only to low-molecular-weight surfactants such as lipids
but also to amphiphilic block polymers. Kim and coworkers reported the synthesis of sugar-
responsive block copolymers that self-assembled into a variety of nanostructures.® The self-
assembled structures were prepared using tetrahydrofuran (THF) solution as the common solvent. As
the degree of polymerization of the hydrophobic poly(styreneboroxole) (PBOx) block increased, i.e.,
when the P value increased, the morphology of the self-assembled structures changed from that of
spherical micelles to cylindrical micelles, and finally to polymersomes (Figure 1-3). By adjusting the
block ratio, the authors demonstrated that the polymersomes can be used as sugar-responsive delivery

vehicles for insulin.

3: PEG 5-b-PBOXag
4: PEG,5-b-PBOxy
5: PEGs-b-PBOxyq
6: PEG,5-b-PBOXs3
7: PEGys-b-PBOXxgg

Figure 1-3. TEM images of micelles and polymersomes formed by self-assembly of PEG-b-PBOX in
water. (a) Spherical micelles of 3. (b) Cylindrical micelles of 4. (c) Polymersomes of 7 (Ref. 18).



Eisenberg and coworkers prepared various morphologies such as spherical micelles, vesicles, and
bicontinuous structures through the self-assembly of ‘crew cut’ block copolymers with an
asymmetrically large hydrophobic block.'*® The polymer used in this study was polystyrene-b-
poly(acrylic acid) (PS-b-PAA). The authors achieved different self-assembled structures by changing
the block ratio and the molecular weight of the block copolymer. For example, the authors prepared a
series of PS-b-PAA with the same polystyrene block length but with different PAA lengths using
anionic polymerization. As the ratio of the hydrophilic block to the hydrophobic block decreased, the
morphologies of the crew-cut aggregates displayed a morphological change that is illustrated in
Figure 1-4. These results indicate that a morphological transition in linear block copolymers can be
induced by changing the lipid packing parameter.

a

200 nm

Figure 1-4. Multiple morphologies of the crew-cut aggregates from PS-b-PAA block copolymers of (a)
200-b-21, (b) 200-b-15, (c) 200-b-8, and (d) 200-b-4 (Ref. 19).

Self-assembly of complex non-linear amphiphiles was reported to produce intriguing nanostructures
in solution. Percec and coworkers synthesized amphiphilic Janus dendrimers by coupling tailored
hydrophilic and hydrophobic branches, demonstrating that the self-assembly can generate a variety of
new morphologies.> Among these morphologies, two new structures, namely the polygonal
dendrimersome and bicontinuous cubic, were observed that have not been detected in self-assembled

structures of linear block copolymers (Figure 1-5).



Figure 1-5. Cryo-TEM and 3D intensity profile of assembled structures from various dendrimers. (a

and d) Polygonal dendrimersomes. (b and e) Bicontinuous cubic particles. (c and f) Micelles. (g and j)
Tubular dendrimersomes. (h and k) Rodlike, ribbon and helical micelles. (i and 1) Disklike micelles
and toroids (Ref. 21).

Since the critical packing parameter is determined not only by the block ratio but also by the
architectures of the employed block copolymers, the self-assembled structures are known to be
affected by the design of the block copolymers. Nowadays, various self-assembled morphologies and
their applications are being studied by tailoring the structure and assembly conditions of block

copolymers.?#%

1.4 Inverse bicontinuous structures

For several decades, the self-assembly of block copolymers has been extensively studied for the
formation of nanostructures such as micelles, cylindrical micelles, and polymer vesicles, in the range
of P values <1.%7% When the P value exceeds 1, the packing geometry of the amphiphile adopts a
wedge-like form that induces a negative curvature in the bilayer. As a result, the self-assembly process
results in the formation of inverse structures (Figure 1-6).

Amphiphile-water systems are known to form inverse crystalline cubic structures that are
bicontinuous in terms of the aqueous and the lipid regions.? These phases possess an infinite network
of water channels. Typically, glyceryl monooleate-water systems exhibit a variety of inverse
structures (Figure 1-6). The phase diagram of monoolein was determined for the first time by Lutton
in 1965. Recently, Qui and Caffre reported an advanced phase diagram of this system.*
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Figure 1-6. Molecular shape and type of amphiphilic self-assemblies. (In figure, y is same expression
of P, packing parameter) Double headed arrows indicate the range of most preferred geometries.
Monoolein (type 2) shows lamellar, bicontinuous cubic-Pn3m and la3d phases, hexagonal (H,) and
fluid isotropic (L) phases in the presence of water. Additional structures are also shown by monoolein
but in presence of additives (Ref. 8).

Unlike the inverse hexagonal phases, which have a negative mean curvature toward the aqueous
interior, inverse cubic phases have zero mean curvature at any point on the surface. As a result of
these structural features, the inverse cubic phases are called triply periodic minimal surfaces
(TPMSs).**"* The basic unit cells of the minimal surfaces have cubic symmetry, and these surfaces
divide the space into two equal areas, hence the term bicontinuous. The three types of inverse
bicontinuous cubic phases are the primitive (P, Im3m), double-diamond (D, Pn3m), and gyroid (G,
la3d) (Figure 1-7).* The representations of the two internal regions for all three types reveal
considerable similarities in the network structures (Figure 1-8). In other words, these structures
possess two distinct water channels in aqueous solution. In each structure, the internal network has

six-fold, four-fold, and three-fold junctions, respectively.



(a) D (b) G (c) P

Figure 1-7. The three minimal surfaces, D, G, and P, that represent the three inverse bicontinuous

cubic morphologies found in block copolymers and amphiphilies/water systems (Ref. 34).

Figure 1-8. Representation of the internal two uniform networks in three bicontinuous cubic
morphologies, D, G, and P (Ref. 34).

Although the minimal surfaces have interesting and useful structural features, achieving good
dispersion of inverse bicontinuous cubic phases assembled from lipids is challenging as a result of
their limited stabilities in aqueous environments.*® Since the exposure of the hydrophobic domains to
the aqueous medium must be avoided, the resulting nanoparticles must be stabilized by the addition of
a dispersing agent.

Gustafsson and coworkers reported aqueous dispersions of inverse hexagonal and bicontinuous
cubic phases.36 The authors used a nonionic triblock polymer, PEOgPPQOg,PEOQgs (Poloxamer 407), as
a dispersing agent. The less water-soluble PPO block is adsorbed on the surface of the particle, while
the hydrophilic PEO blocks extend into the solution-contacting area. In this paper, a homogeneous
melt of lipids and the dispersing agent was added dropwise into water while stirring. The inverse
phases of the particles were studied by small-angle X-ray scattering (SAXS) and cryo-transmission
electron microscopy (cryo-TEM). The analysis revealed that particles with 7.4 wt% and 4 wt% of
polymer exhibited Im3m and Pn3m symmetry, respectively. TEM imaging indicated that the particles

have a faceted shape with a crystalline internal order (Figure 1-9).
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Figure 1-9. Cryo-TEM micrographs of dispersed particles from the cubic phase of monoolein and
Poloxamer 407 in water. (a) 7.4 wt% polymer to lipid. Faceted cubic particles showing a clear
crystalline structures of Im3m (lattice constant, a = 13 nm). (b) 4 wt%. Particles showing hexagonal

symmetry which is same projection of the (111) planes of the Pn3m (a = 9.6 nm) (Ref. 36).

Although cubic phases formed in the GMO-water have been widely studied, other lipids and
monoglycerides have also been reported to form inverse bicontinuous phases. Barauskas and
coworkers reported the formation of colloidal inverse bicontinuous phases with other lipids.*” The
authors observed sponge mesophases and inverse hexagonal structures using a mixture of glycerol
dioleate (GDO) and diglycerol monooleate (DGMO) (Figure 1-10). They also found phytantriol-based
Im3m cubic phases upon introduction of small amounts of D-alpha-tocopheryl poly(ethylene glycol)
1000 succinate (Vitamin E TPGS).



Figure 1-10. Representative cryo-TEM micrographs and Fourier transforms of lipid nanoparticles. (a-
d) GMO/Poloxamer 407/water system. Im3m phases viewed along [001] and [111] directions (lattice
constant, a = 129 nm). (e, f) DGMO/GDO/P80/water system. Sponge phase. (g, h)
DGMO/GDO/Poloxamer 407/water system. Inverse hexagonal phase (lattice constant, a = 5.5 nm)
(Ref. 37).

. { ] Y 4
First network D Second network

b

e Side view

Figure 1-11. 3D organization of the liquid crystal region inside cubosomes. (a) Sequence of images
extracted from the tomogram along the z direction. The alternate position of network indicating the
sequence of the channels. (b) Original tomogram and its 3D reconstruction showing the unit cells. (c)
Extract of the tomogram showing one of the two water channel network. (d, e) Top and side view of
the filtered 3D reconstruction where the pores belonging to the two networks are indicated (Ref. 38).
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The mathematical model of the triply periodic minimal surfaces is known in which the membrane
divides the space into two channels. However, direct observation of the water and lipid networks in
the bicontinuous phases has not been reported to date. Recently, Martiel and coworkers performed
cryo-electron tomography (CET) on Im3m space-group nanoparticles to demonstrate the presence of
internal networks.® The authors confirmed that the particle interior is constituted by two continuous
water channels that are separated by lipid bilayers. The sequence of images extracted from the
tomogram along the z-direction shows pores that belong to the water channels. The images allow
visualization of two independent networks that are marked in red and blue (Figure 1-11).

The porous features of inverse cubic structures make these porous materials ideal platforms for a
large number of applications. However, their low stability and the pore size limit caused by the low

molecular weight of the lipids are drawbacks that needs to be addressed.

1.5 Block copolymer-derived inverse structures

To date, analogues of cubosomes have also been observed in the self-assembly of synthetic
macromolecules. Holder, Sommerdijk, and Biagini observed spherical aggregates that exhibit internal
microphase separation.®® The formation of these complex morphologies was caused by the
aggregation of amphiphilic double-comb diblock copolymers. Analysis of the reconstructed 3D

volume confirmed the presence of a bicontinuous network within the aggregates (Figure 1-12).
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Figure 1-12. TEM analysis of aggregates of double-comb block copolymers. (a) A TEM image using
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negative staining. (b) Cryo-TEM image. (c) Sequence of z slices showing different cross sections. (d,
e) Visualization of the segmented volume showing (d) a cross section of aggregate and (e) a view
from within the hydrated channels (Ref. 39).

Following the observation of bicontinuous phase separation of nanoparticles, Sommerdijk and
coworkers also reported nanospheres with bicontinuous internal structures formed from a semi-
crystalline block copolymer, poly(ethylene oxide)-block-poly(octadecyl methacrylate) (PEOsq-b-
PODMA;), in aqueous dispersion.” The PEOs-b-PODMA,; was synthesized by ATRP of ODMA,
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with PEO as the macroinitiator. Aggregate dispersions of this copolymer were formed using the co-
solvent method at 35 °C and the structure of the aggregates was investigated with cryo-TEM and CET.
The projection images recorded at 4 °C confirmed the presence of inverse bicontinuous structures.
The reconstructed 3D images showed that the internal channels are interconnected (Figure 1-13).
Since PDOMA is a temperature-responsive block, the ordered internal structure could not be observed

at a temperature of 45 °C, i.e., a temperature that is higher than the transition temperature.

] b
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Figure 1-13. Chemical structure and TEM analysis of PEG3s-b-PODMA;; aggregates. (a) Cryo-TEM
image at 4 °C. (b) Gallery of z slices showing different cross sections. (c) Regenerated 3D
visualization showing only an inner section of the whole structure. (d) Skeletonization of ¢, showing

interconnected structures (Ref. 11).

Nevertheless, inverse structures with high crystallinity such as lipid cubosomes were not observed in
the self-assembly of block copolymers. While the self-assembly of block copolymers resulted in some
inverse structures, a clear set of rules that would ensure that the self-assembly of block copolymers
would afford crystalline inverse bicontinuous cubic structures in solution has not been formulated to
date.

1.6 Formation of mesoporous film

Porous films are used in applications such as filtration, drug delivery, catalysis, and separation. Thin
films with the above-described inverse structure can find application in many fields because these
inverse cubic phases have a high crystalline order of internal networks.

Porous polymers, including inverse structures, are typically produced by removing one polymer
domain from a self-assembled film through micro-separation of block copolymers in the bulk state.
For example, Cussler and coworkers reported ultrafiltration membranes based on cylinder-forming
block copolymers.”’ In a polystyrene-b-polylactide (PS-PLA) system, PS serves as the continuous
matrix and PLA is the etchable block. Once the polymer solution is cast, the concentration at the
surface rapidly decreases and microphase separation occurs as a result of rapid evaporation. When the

nucleation of the ordered structure is complete, the thickness of the ordered phase increases.
12



Following the selective etching of perpendicularly oriented cylinders of PLA, the membranes
exhibited nanoporous character (Figure 1-14).

Slow Evaporation Fast Evaporation

100 nm e— 100 nm e———

Figure 1-14. SEM micrographs of the top surface of PS-PLA thin films show that evaporating toluene
slowly produces a parallel orientation, while rapid evaporation aligns the cylinders in a perpendicular
orientation (Ref. 40).

A method for the formation of an asymmetric internal membrane through phase separation has also
been reported. Peinemann and coworkers reported the creation of an asymmetric superstructure using
non-solvent-induced phase separation (SINPS).** In this simple process, a polymer solution is
immersed in water to induce phase separation. The authors used polystyrene-b-poly(4-vinyl pyridine)
(PS-b-P4VP), which belongs to the class of non-ionic amphiphilic systems. After casting the film on a
glass substrate, solvent evaporation was activated for 10 s, and, subsequently, the film was immersed
in a water bath for 12 h, followed by drying at ambient conditions. The resulting membrane was
covered by well-ordered cylindrical pores, oriented perpendicular to the film surface, while the
interior was composed of a non-ordered sponge-like layer (Figure 1-15).

- P \ el
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Figure 1-15. SEM images of the cross-sectional morphology of the asymmetric PS-b-P4VP diblock

copolymer film at different magnifications. The scale bars correspond to (a) 20 um, (b) 1 um, and (c)
0.5 um (Ref. 41).

13



Recently, Wiesner and coworkers discussed two methods for the formation of porous polymer
structures.” Unlike SINPS, the second method referred to as SIM?PLE (spinodal-decomposition-
induced macro- and mesophase separation plus extraction by rinsing) allows the formation of
hierarchically porous polymer monoliths that possess both macropores and ordered mesopores. The
authors prepared a xylene solution with poly(styrene)-block-poly(ethylene oxide) (PS-b-PEO) diblock
copolymer and oligomeric PEO (0-PEG) as an additive. After thermal annealing of the film, the
product was immersed in a protic solvent to remove the additive (Figure 1-16). The authors found that
the films cast at 100 °C have cubic morphology with randomly distributed macropores. SAXS results

showed that the film had a cubic lattice with Pn3m symmetry.
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Figure 1-16. Schematic of SIM’PLE procedure and characterization of PS-b-PEO + 0-PEO

hierarchically porous material cast at 100 °C. (a) Low magnification and (b) high magnification SEM

| 1))l| as-cast

images of a fractured cross-section. Tick marks indicate expected peak position for Pn3m symmetry.
(c) SAXS traces of the as-cast film and films after 0-PEO removal. (d) TEM tomographic

reconstruction of cubic mesostructures (Ref. 42).

Although many methods have been proposed thus far for the formation of mesoporous films, almost
all of them require post-processing treatment such as etching and the resulting materials display no
long-range crystallinity. The direct self-assembly of block copolymer into inverse cubic structures
may facilitate the development of a new strategy for the generation of porous films. This method has
the advantage of producing mesoporous films without the need for post-processing since the volume

of water in the self-assembled structure is implemented directly in the form of a porous network.
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1.7 Templated synthesis of skeletal inorganic structures

Three-dimensional porous materials can be used in applications such as sensing, photonics, filtration,
and catalysis. However, for a specific application, it is often necessary to convert desired porous
structures into technically more suitable materials.* The field of application of a mesoporous polymer
structure is limited by its requirement for an organic solvent. The number of applications can be
increased further if the mesoporous structures are replaced with various target materials such as
inorganics, metals, and polymers. In this regard, the use of ordered porous materials as sacrificial
templates could provide a simple pathway to the production of crystalline network structures of

desired lattice and periodicity.

a Cooperative assembly Template removal

P R

Micelle Mesoporous product

Nanocasting

X XX

Mesoporous template Mesoporous replica

Figure 1-17. Scheme of two representative synthesis routes for ordered mesoporous materials. (a)
Soft-templating method. (b) Hard-templating (nanocasting) method (Ref. 44).

A typical templating method for generating mesoporous materials is a sol-gel reaction that employs
an inorganic precursor (Figure 1-17).* Rational control of the hydrolysis and condensation of
inorganic precursors ensures successful infiltration and replication of 3D nanostructures of
templates.* Over the past decades, the sol-gel process of SiO, has attracted significant attention
owing to the discovery of novel mesoporous silicas such as MCM-41 and SBA-15.%*" The majority
of syntheses of mesoporous silica utilize the so-called soft-templating approach, in which a surfactant
is used as the pore-generating agent. The soft-templating method can also be used to create
hierarchical structures within 3D porous sacrificial templates. To date, mesoporous TiO, has been
widely studied as a result of its good chemical and thermal stability and desirable optical properties.*®
For example, mesoporous TiO, exhibits high photocatalytic activity because of its higher accessibility
of active sites and faster diffusion rate compared to bulk TiO,.*
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Figure 1-18. Schematic representation of sample fabrication and SEM image of a metal gyroid. The
isoprene block (blue) is removed and is then back-filled with gold (yellow). The final structure is
obtained by plasma etching (Ref. 50).

In some cases, inverse bicontinuous cubic structures have been replicated with polymeric templates.
Steiner and coworkers created 3D gold metamaterial by replacing one of the continuous polymer
networks in double gyroid structures.® The authors used an isoprene-b-styrene-b-ethylene oxide (ISO)
block copolymers to form polymer film scaffolds. Following the removal of one network consisting of
isoprene through UV exposure, the resulting films were back-filled with gold by electrodeposition.
The residual polymer was removed by plasma etching (Figure 1-18).

In nature, single network structures can be found in the biophotonic structures of butterfly wing
scales and the exoskeletons of beetles.***? Butterfly wings produce vivid structural color that arises as
a result of specific nanostructure, with a periodicity of 200 nm or more (Figure 1-19). The wing of the
butterfly is formed by the polymerization of chitin that is present on the endoplasmic reticulum of the
scale cell, which has a double network structure. Since only one channel is filled with chitin, however,
the wings of the butterfly form a single-network skeletal structure.
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Figure 1-19. Anatomy of the structural color-producing nanostructures in (a-c) lycaenid and (d-f)
papilionid butterflies. (a, d) Light micrograph of wing cover scales. (b, €) SEM and (c, f) TEM images
of surfaces and nanostructures of scales. Insets show simulated (b) (111), (c) (310), (e) (110), and (f)

(211) projection of single gyroid structures.

In the case of inverse structures assembled from polymers, there are two channels in the cubosomes,
although only one channel is exposed on the surface. Theoretically, when a precursor is introduced
and replicated on only one channel, a single network similar to that observed in the butterfly wing can

be synthesized. This approach may offer a convenient method for synthesizing photonic crystals.

1.8 Thesis summary

The inverse bicontinuous cubic phases of lipids possess internal crystalline networks of water
channels. These structural features allow these phases to be used in many applications as porous
materials. Since the self-assembly behavior of amphiphilic block copolymers is similar to that of
lipids, the macromolecules employed can likewise give rise to inverse structures. However, a unified
strategy for the generation of polymeric inverse structures with high crystallinity has not been
reported to date.

Following the Introduction in Chapter 1, Chapter 2 describes the direct self-assembly of dendritic-
linear block copolymer into colloidal inverse bicontinuous cubic structures. These polymer
cubosomes exhibit three inverse cubic phases (Im3m, Pn3m, l1a3d) that depend on the architecture of
the dendritic hydrophilic block. The highly crystalline cubic structures are confirmed by
electromagnetic microscopy and X-ray scattering experiments. Finally, functional groups are

incorporated onto the surface of the polymer cubosomes in order to permit the utilization of the
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internal networks for encapsulation of large molecules such as enzymes.

Chapter 3 reports a simple method for the preparation of mesoporous monoliths composed of
inverse bicontinuous cubic structures. This method, named as the ‘solvent diffusion-evaporation-
mediated self-assembly’ (SDEMS), allows direct formation of internal water channels without the
requirement for any post-processing for pore generation. The results confirm that the internal large-
pore networks can not only accommodates large molecules, but also serve as templates for the
synthesis of inorganic networks.

In Chapter 4, the morphological transition of self-assembled structures of branched-linear block
copolymers is observed. By utilizing solvent mixtures to dissolve the block copolymer, the affinity of
the solvent toward the hydrophobic block is altered, thus affecting the self-assembly process of the
block copolymer. A branched-linear block copolymer that self-assemble only into polymer vesicles
displays a morphological transition from vesicles to inverse cubic and inverse hexagonal phases as a
result of an increase in the proportion of DMF in the solvent mixture. Similar transition is also
observed using the SDEMS method. The internal structure of the film is found to change from stacked
lamellae to inverse cubic phase and inverse hexagonal phase.

Finally, Chapter 5 describes the synthesis of inorganic single networks using polymer cubosomes as
templates. Since the interfacial topology of the polymer cubosome has only one channel exposed to
the outside, the guest molecules can only diffuse into one channel of the cubosomes. The results
confirm the replication of the single network of polymer cubosomes through a sol-gel reaction with

inorganic precursors.

Portions of this thesis have been published.

Chapter 2: La, Y.; Park, C.; Shin, T. J.; Joo, S. H.; Kang, S.; Kim, K. T. “Colloidal inverse
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Chapter 3: Park, C.; La, Y.; An, T. H.; Jeong, H. Y.; Kang, S.; Joo, S. H.; Ahn, H.; Shin, T. J.;
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Chapter 2. Colloidal inverse bicontinuous cubic membranes of block
copolymers with tunable surface functional groups

2.1 Abstract

Analogous to the complex membranes found in cellular organelles, such as the endoplasmic
reticulum, the inverse cubic mesophases of lipids and their colloidal forms (cubosomes) possess
internal networks of water channels arranged in crystalline order, which provide a unique nanospace
for membrane-protein crystallization and guest encapsulation. Polymeric analogues of cubosomes
formed by the direct self-assembly of block copolymers in solution could provide new polymeric
mesoporous materials with a three-dimensionally organized internal maze of large water channels.
Here we report the self-assembly of amphiphilic dendritic—linear block copolymers into polymer
cubosomes in aqueous solution. The presence of precisely defined bulky dendritic blocks drives the
block copolymers to form spontaneously highly curved bilayers in agueous solution. This results in
the formation of colloidal inverse bicontinuous cubic mesophases. The internal networks of water
channels provide a high surface area with tunable surface functional groups that can serve as

anchoring points for large guests such as proteins and enzymes.

2.2 Introduction

Synthesized by covalently connecting both the hydrophilic and hydrophobic blocks, amphiphilic
block copolymers self-assemble in solution to form polymer micelles and vesicles in an analogous
fashion to lipids. Previously, precise control of the size, shape, and function of these polymer
nanostructures has been demonstrated by adjusting the molecular architecture of the block copolymers.
The design rules for this were drawn using an analogy to the relationship between the molecular
architecture and the morphology of lipidic assemblies."” In addition to the morphological diversity,
recent efforts have been placed on polymer micelles and vesicles with the well-defined internal order
within the hydrophobic compartment. Such an ordered array of chemical components is expected to
offer benefits for potential applications, for example, biochemical reactors, delivery vehicles, and
nanotemplates.>™ In an analogous fashion to the templated synthesis of inorganic mesoporous
materials, these compositional arrays could be translated into physical structures, such as a
mesoporous network, by selectively removing the labile polymer domains.**** The direct formation of
mesoporous polymers is highly desirable, but has remained a challenge, especially for the solution
self-assembly of block copolymers.

A binary mixture of water and lipid, such as GMO, exhibits the formation of various inverse
bicontinuous crystalline phases, in which the infinite network of water channels is arranged into

crystalline lattices.'®*” These lipid cubic membranes are found in cellular organelles such as the
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endoplasmic reticulum.™® Colloidal forms of cubic lipid membranes also appear transiently during fat
digestion processes that convert oil into lipids.*® These complex lipid bilayers have attracted recent
attention, in particular for their structural characteristics."®*° The inverse cubic mesophases of lipids
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and their colloidal forms (cubosomes) provide a unique nanospace for membrane-protein

%28 1n solution, block copolymers behave in an analogous

crystallization and guest encapsulation.
fashion to lipids with a greater length scale, which results in micellar and vesicular structures with the
desired chemical and physical properties. In this respect, the self-assembly of block copolymers to
give cubosome structures is an attractive goal. Polymeric counterparts of these structures could lead to
the direct access of highly defined mesoporous polymer materials with the desired physical and
chemical properties owing to the diverse chemical structures of block-copolymer building blocks.
Block copolymers may form inverse cubic mesophases in concentrated solution.””?* Analogues of
cubosomes have been observed previously from the self-assembly of synthetic macromolecules such
as triblock copolymers, semi-crystalline brushed block copolymers and dendritic amphiphiles.#3* In
spite of these reports, a clear rationale that underlies the self-assembly of block copolymers to give
inverse mesophases in solution has not been proposed.*® Consequently, the design of block
copolymers to form preferentially complex bilayers and inverse mesophases in solution remains
unexplored. We describe here the direct self-assembly of dendritic—linear block copolymers in
aqueous solution into colloidal particles of bicontinuous cubic membranes (polymer cubosomes) with
the desired crystalline lattice. Three inverse bicontinuous cubic phases (primitive cubic, double
diamond, and gyroid) were identified from the polymer cubosomes of our dendritic—linear block
copolymers depending on the architecture of the dendritic scaffold in the hydrophilic block. Our
experimental results strongly suggest that the presence of an accurately defined dendritic architecture
in the hydrophilic block is a key structural element of the solution self-assembly of amphiphilic block
copolymers into inverse bicontinuous mesophases. We also show that the bilayer membranes
consisting of polymer cubosomes can be equipped with desired surface functional groups, which
makes polymer cubosomes an interesting porous platform to host macromolecular guests such as

proteins and enzymes.

2.3 Results and discussion

Self-assembly of dendritic—linear block copolymers into polymer cubosomes. In this study, we
synthesized isomers of second-generation benzyl ether dendrons with six water-soluble peripheral
poly(ethylene glycol) (PEG) chains (Figure 2-1). Each peripheral PEG chain had the same number-
average molecular weight (M,) of 350 g mol™ (number of repeat units or degree of polymerization
(DP,) was seven). These dendritic isomers were converted into macroinitiators for the atom transfer
radical polymerization of styrene.*” The hydrophobic polystyrene (PS) block was grown from the

focal point of the hydrophilic dendrons with a controlled molecular weight and narrow size
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distribution. The DP, of the PS blocks was controlled to fit a range of about 180-240, so that the block
ratio of the resulting dendritic—linear block copolymers, defined as the ratio of the molecular weight
of the PEG domain to that of the PS block ( fpes), was in the range of about 8-11% to ensure that the

block copolymers predominantly self-assemble into bilayer structures.®®
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Figure 2-1. Chemical structures and schematic diagrams of dendritic-linear block copolymers and
their self-assembly. (a) Chemical structures of block copolymers 1, and 2, constructed from the two
isomers of benzyl ether dendrons that possess peripheral PEG chains at the 3,5-positions (1,) and 3,4-
positions (2,) of the outer phenyl groups, and 3, and 4, built from dendritic blocks that consist of two
peripheral 3,4,5-PEG-benzyl ether units at the 3,5 (3,) and 3,4 (4,) positions of the central benzyl unit.
The subscript n denotes the DP of the PS block. (b) A schematic representation of the self-assembly
of dendritic-linear block copolymers into polymer cubosomes in dilute aqueous solution. The lattice
diagrams at the bottom show bicontinuous cubic internal structures of the polymer cubosomes (Im3m,
Pn3m and la3d) investigated in this study. For clarity, the bilayers that surround the water channels
are omitted. The green- and red-colored regions indicate two non-intersecting networks of water

channels within the bicontinuous structures.

Al block copolymers were self-assembled by a simple cosolvent method®: to a 1,4-dioxane solution
of a block copolymer (typically 1 wt%) was added an equal volume of water for a period of two hours,
followed by a dialysis against water. We first studied aqueous suspension solutions prepared from a
series of dendritic-linear block copolymers 1,. On transmission electron microscopy (TEM), the
suspension solution of 1,55 (M, = 19,100 g mol™, polydispersity index (P) = 1.09, fpeg = 10.9%)
showed bilayer structures, flat and folded lamella, along with polymer vesicles (Figure 2-2). However,
on the increase in the length of the PS block, the block copolymer 1,7 (M,= 21,300 g mol™, & = 1.07,
foec = 9.3%) formed large colloidal particles with an average diameter of 6.2 um (polydispersity (PD)
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=0.27), as determined by dynamic light scattering (DLS) measurements (Figure 2-3).

Figure 2-2. TEM images of self-assembled structures from the suspension solution of 1:g5. (a) Flat

lamella structures. (b) Folded lamella structures.
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Figure 2-3. (a) Size distributions and (b) autocorrelation functions of the suspensions of 157 and 2,;3.
The average diameter of 1,; and 2,13 were 6.2 um (dispersity 0.27) and 7.9 um (0.22), respectively.

The detailed morphology of the colloidal particles was studied using TEM and scanning electron
microscopy (SEM). The TEM images of the dried suspension of 1,;; showed colloidal particles
(Figure 2-4a) that had bicontinuous internal structures resembling those seen in cryogenic TEM
images of lipid cubosomes.®® Therefore, owing to this structural similarity, we named our colloidal
particles as polymer cubosomes.®** The SEM images of the polymer cubosomes of 1,7 (coated with a
3 nm thick layer of Pt) clearly revealed details of their hierarchical structure. Low-resolution SEM
images showed spherical polymer cubosomes with an average diameter corresponding to that
obtained with DLS (Figure 2-4c). To our surprise, high-resolution SEM (HR-SEM) images revealed
that the polymer cubosomes had bicontinuous internal structures enclosed in a perforated lamellar
shell, the surface of which was inundated with evenly distributed pores approximately 10 nm in
diameter (Figure 2-4e). From the SEM and TEM images, the thickness of the perforated shell was
estimated to be 15 nm, which suggests that it was a bilayer of 1,,; (Figure 2-5). SEM images of the
polymer cubosomes that fractured during the sample preparation showed a highly ordered crystalline
structure residing in the perforated bilayer shell (Figure 2-5 and 2-6a), which was consistent with the

TEM observations.
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200 nm

Figure 2-4. Representative SEM and TEM images of the polymer cubosomes. (a) TEM images
showing the internal structure of the polymer cubosomes of 1,;; (left). The magnified view of the
internal structures and the fast Fourier transform (FFT) (inset) show a cubic (Im3m) lattice viewed in
the [111] direction (right). (b) TEM images of polymer cubosomes of 2,5. The right image shows the
view of a double diamond (Pn3m) lattice viewed in the [001] direction and the FFT of the image. (c, d)
Low-magnification SEM images of polymer cubosomes of 1,17 (c) and 2,13 (d). (€) SEM image of the
polymer cubosome of 1,;; showing a spherical morphology and the perforated shell enclosing the
internal bicontinuous structure. (f) SEM images of the polymer cubosomes of 2,;3. The inset shows a
magnified view of the surface pores (scale bar, 100 nm).
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Figure 2-5. (a, b) SEM and (c, d) TEM images showing the perforated lamellar shell structures of the
polymer cubosomes of 1,;. Arrows indicate the thicknesses of the lamellar shells (14.7 nmin c, 14.9

nm in d).

The internal order of the polymer cubosomes of 1,;; was studied using synchrotron small-angle X-
ray scattering (SAXS, PLS-II 9A beamline). The SAXS results of the dried polymer cubosomes of
1,7 showed a set of peaks that corresponded to the primitive cubic (Im3m) symmetry (lattice
parameter (a) = 93.4 nm (Figure 2-6¢)), which was in agreement with the TEM and SEM images and
confirmed the presence of a highly regular and long-range cubic arrangement of water channels. The
structural hierarchy of the polymer cubosomes of 1,;7, with a bicontinuous cubic internal structure
enclosed within a perforated bilayer shell, suggested that the polymer cubosomes should be
mesoporous on withdrawal from the water. Under ambient conditions, it was found that the dried
polymer cubosomes were physically robust because of the high glass-transition temperature (T,) of
the hydrophobic PS block of high molecular weight (T, = 101 °C). The mesoporous nature of the
dried polymer cubosomes of 1,;; were substantiated by N,-adsorption experiments at 77 K. Type IV
adsorption isotherms with type H2 hysteresis loops were observed, with a Brunauer— Emmett-Teller
(BET) surface area of 112 m? g and a pore volume of 1.01 cm® g™ (Figure 2-6e), The Barrett-Joyner
Halenda (BJH) pore-size distribution curve showed a broad range of pores with a peak diameter of 50

nm (Figure 2-7).
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Figure 2-6. Structural analysis of the polymer cubosomes. (a) HR-SEM image of the bicontinuous
cubic internal structure of the polymer cubosome of 1,; having a primitive cubic (Im3m) lattice. The
internal structures were observed from the fractured polymer cubosomes during the sample
preparation. The views in the [100], [110] and [111] directions are highlighted by white squares. (b)
HR-SEM images of a double diamond (Pn3m) internal structure of the polymer cubosomes of 2,;s.
Views in the [111] and [100] directions are highlighted by white squares. The inset shows a view in
the [110] direction (scale bar, 200 nm). (c) The SAXS result of the dried polymer cubosomes of 153,
which indicates the primitive cubic (Im3m) lattice (lattice parameter, a = 93.4 nm). (d) The SAXS
result of the dried polymer cubosomes of 2,5 shows the double diamond (Pn3m) lattice (a = 49.5 nm).
(e) N, adsorption-desorption isotherms of the dried polymer cubosomes of 1,7 (filled circles) and 2,13

(open circles) measured at 77 K. a.u., arbitrary units; STP, standard temperature and pressure.
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Figure 2-7. BJH pore size distributions of polymer cubosomes of (a) 1,17 and (b) 2,13.

The effect of the architecture of block copolymers on self-assembly. Based on these findings, we
surmised that a change in the architecture of the dendritic block, with the length of the PS block kept
constant, might enable controlled alteration of the molecular packing of the block copolymers in the
condensed phase. As the molecular weights of both dendritic and PS blocks are fixed to constant
values, this change would differentiate the local curvature without radically altering the overall
morphology of self-assembled bilayers,®” which could induce phase transitions between different
bicontinuous cubic phases. This assumption might be justified by Langmuir isotherm experiments
carried out on two structural isomers, 1,7 and 2,13 (M, = 21,300 ¢ mol™?, D = 1.08, foeg = 9.4%
(Figure 2-1)), which gave the area per molecule in a monolayer at an air-water interface of 1,370 A?
for 1,7 and 1,530 A? for 2,5 (Figure 2-8). The linear diblock copolymer with similar molecular
weights on both blocks (PEG4s—PS,1) showed a molecular area of 950 Az,
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Figure 2-8. Surface pressure to molecular area (n-A) isotherms of a linear block copolymer and

dendritic-linear block copolymers at 300 K.

TEM images of the aqueous suspension of 2,13, prepared under the same conditions as for 1,5,
showed polymer cubosomes (average diameter 7.9 um, PD = 0.22, determined by DLS) (Figure 2-3)
with structural characteristics similar to those of 1,; (Figure 2-4b). SEM images of the polymer
cubosomes of 2,;3 showed the presence of an internal structure of the double diamond lattice (Pn3m)

(Figure 2-6b), which was later confirmed by the SAXS results obtained from the dried polymer
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cubosomes of 2,13 (a = 49.5 nm (Figure 2-6d)). The dried polymer cubosomes of 2,;3 were also found
to be mesoporous by N,-adsorption experiments at 77 K (BET surface area of 101 m? g™ and pore
volume of 0.99 cm® g™, a peak pore diameter of 37 nm from the BJH curve (Figure 2-6e and 2-7)).

Encouraged by this result, we decided to investigate further the possibility of finding other inverse
mesophases by synthesizing another set of block copolymers, 3, and 4,, built from the hydrophilic
dendritic blocks with two peripheral 3,4,5-PEG-benzyl ether units at the 3,5- (3n) and 3,4- (4n)
positions of the central benzyl unit, respectively (DP, of PEG = 7 (Figure 2-1)). Under the same
conditions, both block copolymers self-assembled into polymer cubosomes. SAXS and SEM studies
of the polymer cubosomes of 3,3 (M,, = 23,700 g mol™, D = 1.06, foeg = 9.1%) confirmed the internal
lattice of gyroid structures (la3d, a = 82.3 nm (Figure 2-9)), and the polymer cubosomes of 4,5, (M, =
23,400 ¢ mol™?, D = 1.06, fogg = 9.1%) showed the internal bicontinuous structures of Pn3m symmetry
(a = 52.3 nm (Figure 2-10)). These polymer cubosomes were also found to be mesoporous by N,-
adsorption/desorption experiments, which showed similar results to those obtained previously (Figure
2-9).
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Figure 2-9. Polymer cubosomes of 3,:3. (a, b) HR-SEM images showing the internal double-gyroid
structures of the polymer cubosome of 3,3 viewed in the [111] (a) and [110] (b) directions. (c) SAXS
results of dried polymer cubosomes of 3,,3. Peaks were assigned to la3d symmetry (a = 82.3 nm). (d)
N, adsorption-desorption isotherms of the dried polymer cubosomes of 3,3 measured at 77 K (BET

surface area 99 m® g, pore volume 1.16 cm® g™).
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Figure 2-10. SAXS result of the dried polymer cubosomes of 4,,, assigned to the bicontinuous cubic

(Pn3m) lattice.

Given that linear diblock copolymers PEG,s—PS, possessing similar fpgg values to those of
dendritic-linear block copolymers (n = ~180-270, fpeg = ~7.1-10.6%), only formed polymer vesicles
under same experimental conditions® (Figure 2-11), our results suggested that the presence of the
dendritic benzyl ether architecture in the hydrophilic block plays an essential role in the formation of

inverse bicontinuous cubic phases in dilute solution.

Figure 2-11. TEM images of self-assembled polymer vesicles of PEG5-PS.7.

The structure—morphology relationship of lipidic self-assembly could be qualitatively explained by
the molecular architecture of the lipid, defined by the critical packing parameter (P = v/aol, where v is
the volume of the hydrophobic chain, a, is the effective area of a hydrophilic headgroup and I is the
effective length of the molecule)'. As P increases, the morphology of the self-assembled structure of
lipids transforms from spheres to rod-like micelles and vesicles. When P exceeds 1, the self-
assembled bilayer of lipids develops a negative curvature, which results in the formation of inverse
bicontinuous structures.'’“° Our experimental results showed a close resemblance to the self-assembly
of lipids such as glyceryl monooleate, which exhibited the formation of inverse bicontinuous cubic
structures described as minimal surface structures of negative Gaussian curvature and include double-

diamond (Pn3m), gyroid (1a3d) and primitive cubic (Im3m) phases.***’

32



Mechanism of the formation of polymer cubosomes. To investigate the details of the self-
assembly of dendritic—linear block copolymers in dilute solution, we used a kinetic quenching method
by taking drops (~20 uL) of suspension solution during the different stages of water addition,
followed by immediate dilution with excess water (2 mL). This method enabled the capture of a
snapshot of the self-assembly that resulted from vitrification of the high molecular weight PS blocks
at the time of dilution with excess water. Even in the early stage of self-assembly (water content
~15%), we observed similar polymer cubosomes with less well-defined internal structures compared
to those observed at a 50% water content (Figure 2-12) by TEM experiments. DLS results did not
show any gradual increase of the average diameter during water addition. The reduction of the rate of
water addition (20% of the typical rate) into a dioxane solution of block copolymers did not alter the
internal phase, but only affected the average diameter and size distribution of polymer cubosomes.
These results ruled out the possibility that the polymer cubosomes were formed during dialysis and
also suggested that the formation of polymer cubosomes was a result of the direct self-assembly of
dendritic—linear block copolymers into mesophases rather than that of the secondary self-assembly of

bilayers or polymersomes into bicontinuous structures.

Diameter (nm)

Figure 2-12. (a-c) TEM images and (d) size distributions of polymer cubosomes of 1,;; observed
from the quenched suspensions at various water contents (a, 15%, b, 30%, and c, 50%). Size
distributions measured by DLS experiments indicate that the particle sizes are not correlated to the

water content during self-assembly.
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The phase behaviour of dendritic-linear block copolymers in aqueous solution was affected mainly
by their block ratio. For example, both 1,3, and 2,45 ( feeg Of 8.9% for 1,3, and 8.4% for 2,45) showed
the emergence of an inverse hexagonal phase within the polymer cubosomes (Figure 2-13). The phase
transition from an inverse bicontinuous cubic to an inverse hexagonal phase was more pronounced
when, for example, 1,5, was self-assembled in the presence of homo-PS (M, = 12,000 g mol™) as an
additive (10% w/w). As shown from lipidic assemblies,® an increase in the volume fraction of the
hydrophobic compartment, caused by added hydrophobes, induced a complete phase transition of the
internal structure into an inverse hexagonal internal phase, which was observed by SEM and TEM
(Figure 2-14). These results indicated that self-assembled structures of dendritic— linear block
copolymers undergo a morphological transition from bilayer lamellae and vesicles to inverse

bicontinuous cubic structures and inverse hexagonal structures on a gradual decrease of fogg values.
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Figure 2-13. SEM images of polymer cubosomes of 1,3, and 2,4s. (2, b) SEM images showing the

emergence of inverse hexagonal phase in the polymer cubosomes of 1,s,. (¢) The polymer cubosomes

of 2,45. (d) The inverse hexagonal phase within the polymer cubosomes of 2,4s.
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Figure 2-14. SEM and TEM and Gas adsorption profile of self-assemble structures of 1, in the
presence of homo PS (10% w/w) as an additive. (a) SEM image showing spiral-shape aggregates. (b)
SEM images showing the inverse hexagonal phase (up) and the cross section of hexagonally packed
channels (down). (¢) TEM images of aggregates. The inset shows hexagonally packed channels. (scale
bar = 50m) (d) TEM image showing the long-range order of inverse hexagonal phase. () N2
physisorption isotherms measured at 77 K. (BET surface area 27.3 m* g, pore volume 0.12 cm® g™ ).

The inset shows the BJH pore size distribution (the mean pore diameter 17.4 nm).

Surface functionalization of polymer cubosomes. The polymer cubosomes reported here had a
well-defined internal structure that consisted of interconnected networks of water channels arranged
in a cubic crystalline order and with a surface area in excess of 100 m* g™. The perforated outer shell
connected the internal networks of large water channels to the surroundings in all directions. To utilize
the internal volume of the polymer cubosomes to accommodate large guests, such as enzymes and
protein complexes, we introduced functional groups on the surface of the bilayer membranes that
constituted the polymer cubosomes via the coassembly of 1,; and linear block copolymers that
possess an a-amino (NH,)- or thiol (SH)-functionalized PEG block (NH,—PEG4s—PS;19, SH-PEG,5—
PS,10, M, = 23,000 g mol™, fpeg = 9.2%).** The coassembly of 1,7 with these end-functionalized block
copolymers (up to 10% w/w) did not disrupt the crystalline lattices of the resulting functionalized
polymer cubosomes as observed by SEM and TEM (Figure 2-15 and 2-16). From the molecular areas
of PEG— PS,10 (950 AZ) and 1,17 (1,370 Az) determined by Langmuir isotherms at the air-water
interface, these polymer cubosomes could have up to 1.6 umol g of surface functional groups if 10

wt% of the end-functionalized linear block copolymers were used for coassembly.
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Figure 2-15. Representative SEM images of the polymer cubosomes of 1517/NH,-PEG,5-PS;19 (10%

wiw).

2 um

Figure 2-16. Surface-functionalized polymer cubosomes obtained from the coassembly of 1,;; and
NH,—PEG45—PS;10 (10% w/w). (a) SEM image and (b) HR-SEM image showing the surface pores of
the polymer cubosomes. (c, d) TEM images showing the internal structures of the polymer cubosomes.
(e) 3D reconstructed images of CLSM of the polymer cubosomes after the reaction with Rho-NHS.

The successful incorporation of the functional groups on the internal surface of the polymer
cubosomes was confirmed by confocal laser scanning microscopy (CLSM) after the covalent labelling
of surface functional groups in phosphate buffer (pH 7.4) using fluorescein-5-maleimide (F-MI) for
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the SH groups and rhodamine-N-hydroxy succinimidyl ester (Rho-NHS) for NH, groups (Figure 2-
16e). Also, these functional groups could be introduced into polymer cubosomes of 1,;; in tandem by
using a mixture of NH,—PEG4—PS;10 and SH-PEG,s—PS,, for coassembly. After orthogonally
labelling these functional groups with an equimolar mixture of F-MI and Rho-NHS in the buffer, the

resulting polymer cubosomes showed fluorescence of both dyes on the CLSM, which confirmed the

coexistence of both functional groups in the polymer cubosomes (Figure 2-17a).
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Figure 2-17. Surface-functionalized polymer cubosomes. (a) CLSM images of polymer cubosomes of
1517 and NHy—PEG5—PS,1¢/SH-PEG,5—PS,10 (equimolar mixture, 8% wi/w) after selectively labelling
SH groups with F-MI (Aex = 492 nm, Xe, = 518 nm, left (ex, excitation; em, emission)) and NH,
groups with Rho-NHS (Aex = 564 nm, Xey = 589 nm, center). The merged image confirmed the
presence of both functional groups in the same polymer cubosome (right). (b) CLSM image of
fluorescein-labelled streptavidin within the biotin-labelled polymer cubosomes of 1,17/ NH,—PEGs—
PS,10 (10% w/w). (c) Time course plots of the absorption of radical cation of ABTSe" oxidized by free
(black line) and HRP—cubosomes (red line) of 157/SH-PEG;s—PSy0 (7% w/w). Free HRP or HRP-
cubosome was mixed with a solution containing 1.6 mM ABTS and 0.125 mM H,0, in phosphate
buffer (pH 7.4). The absorbance was measured at 740 nm. The green trace indicates the background
absorption of ABTS and H,0, in the absence of HRP.
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Once the presence of functional groups on the bicontinuous internal structure of the polymer
cubosomes was established, we compartmentalized a protein guest, fluorescein-labelled streptavidin
homotetramer, within the water channels of the polymer cubosomes of 1,;7/NH,—PEG4s—PS,10 (10%
w/w). The polymer cubosomes were first reacted with NHS—PEG,—biotin to afford the surface-bound
biotin acting as anchoring points of streptavidin via a strong non-covalent interaction between them.
Fluorescein-labelled streptavidin homotetramer was internalized through the surface pores (average
diameter >10 nm (Figure 2-16b)) by mixing the protein solution with a suspension of the biotin-
labelled polymer cubosomes (Figure 2-17b). After purification, no retention of streptavidin was
observed within the polymer cubosomes of 1,17/NH,—PEG,s— PS¢ without surface-bound biotin.

We also demonstrated that the polymer cubosomes could be a platform for biochemical reactors by
internalizing the enzyme maleimide-activated horseradish peroxidase (HRP, 44.1 kDa) in the SH-
functionalized polymer cubosomes (1,17/SH-PEG45—PS;10, 7% w/w). The amount of surface-bound
HRPs on the polymer cubosomes was quantified by inductively coupled plasma mass spectrometry
(ICP-MS), which showed a value of 0.76 umol g™ and indicated that about 70% of the surface SH
groups were functionalized. The presence of surface-bound HRP was confirmed by colorimetric assay
conducted by the enzymatic oxidation of ABTS (2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt) in the presence of H,O, as an oxidant. From the kinetic analysis of the oxidation of
ABTS, the apparent Michaelis constant (Ky = 0.29 mM) and maximum reaction rate (Vmax = 0.005
uM s) were determined, which were reduced values in comparison to the measured values of free
HRP solution at the same concentration (Figure 2-17c and Table 2-1). However, these catalytic
constants were substantially higher than those reported in the literature for HRP physically adsorbed
within the internal pores (7.6 nm diameter) of mesoporous silica particles (SBA-15).* The fast
kinetics of HRP bound at the end of the long PEG chain protruding from the internal surface of the
polymer cubosomes suggests a low diffusion barrier in the polymer cubosomes promoted by the cubic

networks of large water channels open to the environment.

Table 2-1. Comparison of apparent catalytic constants of free HRP and HRP-cubosome at room

temperature (Obtained from the Lineweaver-Burk plots)

KM (M) Vmax (M/S) KM/Vmax (S)
Free HRP 4.0x10™ 200x10™° 20x10°
HRP-Cubosome 2.9x10™ 50x107° 58x10°

1 1 Kk, 1

= +
v Vmax Vmax [SO]
The Michaelis-Menten equation was applied and the kinetic parameters were interpreted using a Lineweaver-Burk plot,

where v, Vmax, Ky, and [Sg] are the initial rate of enzyme catalyzed conversion, the maximum reaction rate, Michaelis

constant, the initial substrate concentration, respectively.
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2.4 Summary

In summary, we have shown that amphiphilic block copolymers built from a hydrophilic dendritic
block directly self-assembled into colloidal particles of inverse bicontinuous membranes (polymer
cubosomes) in aqueous solution. These polymer cubosomes exhibited highly defined crystalline
internal structures of inverse bicontinuous cubic phases. Depending on the architecture of the
dendritic scaffold in the hydrophilic block, we observed three bicontinuous cubic structures (double-
diamond, gyroid, and primitive cubic phases) analogous to the inverse bicontinuous phases observed
from lipid assemblies. These polymer cubosomes were found to be mesoporous, as characterized by
N,-adsorption experiments. By coassembly with a-NH,- or SH-functionalized linear block
copolymers, our block copolymers formed highly defined mesoporous colloidal polymer structures
with surface functional groups that can anchor external guests, such as proteins and enzyme.

These results demonstrate that the polymer cubosomes, mesoporous polymeric materials with
unprecedented internal structural orders and tunable surface functionalities, may offer new platforms
for bioreactors, storage vehicles, sensors and nanotemplates. Polymer cubosomes, which are directly
formed from the simple solution self-assembly of block copolymers into inverse cubic mesophases,
can be distinguished from most inorganic and polymeric porous materials, which are synthesized
using sacrificial templates as pore generators. The architectures of block copolymers based on the
dendritic hydrophilic block play a crucial role in the preferential formation of inverse cubic
mesophases in solution; this resembles the formation of complex bilayers exhibited by lipids. Our
report may open new avenues to investigate and utilize the interesting properties of inverse
mesophases of block copolymers, which have not been widely available from the conventional

solution self-assembly of block copolymers.

2.5 Experimental

Reagents and equipment. All reagents and chemicals were purchased from commercial sources
and used as received. THF was distilled over Na/benzophenone before use. Methylene chloride was
distilled over CaH,. All reactions were performed under N, unless otherwise noted. NMR (nhuclear
magnetic resonance) spectra were recorded on a Varian VNMRS 600 spectrometer with CDCl; as a
solvent. Molecular weights of block copolymers were measured on an Agilent 1260 Infinity GPC
system equipped with a PL gel 5 pm 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. MALDI-TOF was performed on a Bruker Ultraflex
Il TOF-TOF mass spectrometer equipped with a nitrogen laser (335 nm) and operating in a
reflectance mode. Internal calibration was performed using a Bruker peptide calibration standard
(mass range 1000-4000 Da). The analytical sample was obtained by mixing a THF solution of analyte

(5-10 mg mL™) with a THF solution of matrix (sinapinic acid, 10 mg mL™) in a 1/5 v/v ratio. The
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prepared solution of the analyte and matrix (0.5 puL) was loaded on the MALDI plate and allowed to
dry at 23 °C before the plated was 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 analyte. Transmission electron microscopy (TEM) was performed on a JEOL JEM-2100
microscope at an acceleration voltage of 200 kV. Sample specimens were prepared by placing a drop
of the solution on a carbon-coated Cu grid (200 mesh, EM science). After 30 min, remaining solution
on a grid was removed with a filter paper, and the grid was air-dried for 18 h. Scanning electron
microscopy (SEM) images were obtained on a FEI Nova NanoSEM 230 microscope and Hitachi S-
4800 FE SEM at an acceleration voltage of 10 kV. The sample was placed on a conductive carbon
layer and coated with Pt with a thickness of 3 nm by using a K575X Sputter Coater. Confocal laser
scanning fluorescence microscopy (CLSM) was performed on a FluoView 1000 Confocal Microscope
(Olympus). Dynamic light scattering (DLS) experiments were carried out on a BI-200SM equipped
with a diode laser (637 nm, 4 mW). All DLS data were handled on a Dispersion Technology Software
(Brookhaven Instruments). The surface pressure/area isotherms were performed using a film balance
(KSV NIMA) with a platinum Wilhelmy plate. The subphase was prepared from house-purified water
which was subsequently passed through a Milli-Q water purification system equipped with an organic
removal cartridge. The subphase water temperature was maintained at 25 (x 0.5) °C. In a typical
experiment 20 pL of the polymer solution (1 mg mL™) was spread evenly over the water surface in
small drops. After a further 30 min delay to allow for the evaporation of the solvent, compression at a
constant rate of 10 mm/min (12.5 mm? s™) began. The Porous structures of the samples were analyzed
by a nitrogen adsorption experiment at — 196 °C using a BEL BELSORP-Max system. The surface
areas and pore size distributions of the samples were calculated by using the Brunauer-Emmett-Teller
(BET) equation and the Barrett-Joyner-Halenda (BJH) method, respectively. Small angle X-ray
scattering data were obtained on the SAXS beamline (PLS-Il1 9A) at Pohang acceleration laboratory

(Pohang, Korea).

Synthesis of Dendrons and Block Copolymers. Dendrons 1 and 2 and their macroinitiators were

synthesized in multi-gram quantity by following the literature methods.*’
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Scheme 2-1. Synthesis of dendritic macroinitiators (1 and 2) and dendritic-linear block copolymers
(1, and 2,).
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Figure 2-18. '"H NMR spectra of dendritic macroinitiators (R = CH3(OCH,CH,)-)

1. 'H NMR (8=ppm, 600 MHz, CDCl5) 6.63 (s, 2H), 6.60 (s, 2H), 6.56(s, 4H), 6.41(s, 2H), 6.39(s,
1H) 5.06 (s, 2H), 5.03 (s, 4H), 5.00 (s, 2H), 4.03 (t, 8H, J = 4.8Hz), 3.97(t, 4H, J = 4.8Hz), 3.81-3.50
(m, -CH,CH,0-), 3.37 (m, 18H), 1.90 (s, 6H). **C NMR (=ppm, 150 MHz, CDCl3) 171.2, 160.0,
159.7, 152.7, 140.1, 139.4, 138.0, 131.1, 107.4, 106.2, 105.4, 101.4, 101.0, 74.8, 71.8, 71.1, 70.9-70.1,
69.6, 69.6, 67.4, 67.3, 67.2, 59.0, 55.8, 30.7. M, (GPC) = 3278 g mol™, P = 1.03, M, (MALDI-TOF)
=2930 g mol™.

2. 'TH NMR (8=ppm, 600 MHz, CDCl3) 7.00 (s, 1H), 6.97 (s, 2H), 6.93 (d, 2H, J = 8.4Hz), 6.90 (d,
1H, J = 8.2Hz), 6.88 (d, 2H, J = 8.2Hz), 6.79 (d, 1H, J = 8.1Hz), 6.62(s, 2H), 5.07 (s, 2H), 5.00 (s,
4H), 4.15 (t, 4H, J = 5.1Hz), 4.11 (dt, 6H, J = 9.8, 5.1Hz), 3.96 (t, 2H, J = 4.9Hz), 3.88-3.50 (m, -
CH,CH,0-), 3.37 (m, 18H), 1.91 (s, 6H). **C NMR (8=ppm, 150 MHz, CDCl5) 171.2, 152.8, 148.9,
148.7, 148.6, 148.5, 138.2, 131.2, 130.9, 130.3, 121.5, 120.6, 114.6, 114.5, 114.3, 113.8, 107.7, 74.7,
71.9, 71.1, 70.9-70.1, 69.7, 69.7, 69.6, 68.8, 68.8, 68.5, 67.3, 59.0, 55.9, 30.7. M, (GPC) = 2842 g
mol™, b = 1.03, M, (MALDI-TOF) = 2727 g mol™.
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3. 'H NMR (8=ppm, 600 MHz, CDCl;) 6.66 (s, 4H), 6.60 (s, 2H), 6.57 (s, 1H), 5.15 (s, 2H), 4.91 (s,
4H), 4.16 (t, 8H, J = 4.8Hz), 4.13 (t, 4H, J = 4.8Hz), 3.87-3.50 (m, -CH,CH,0-), 3.38 (m, 18H), 1.95
(s, 6H). *C NMR (8=ppm, 150 MHz, CDCls) 171.2, 159.9, 152.7, 138.1, 137.7, 132, 107.1, 106.5,
101.8, 77.3, 77.1, 76.9, 71.8, 70.7-70.1, 58.9, 55.8, 30.7. M, (GPC) = 2558 g mol™, = 1.03, M,
(MALDI-TOF) = 2623 g mol™.

4. "H NMR (8=ppm, 600 MHz, CDCl;) 6.93 (s, 1H), 6.86 (dd, 2H, J = 14.9, 8.4Hz), 6.66 (d, 4H, J =
5.6Hz), 5.08 (s, 2H), 5.05 (s, 4H), 4.11 (m, 12H), 3.88-3.50 (m, -CH,CH,0-), 3.36(m, 18H), 1.91 (s,
6H). *C NMR (8=ppm, 150 MHz, CDCls) 171.3, 152.7, 148.8, 137.9, 132.7, 132.6, 128.7, 121.5,
114.9, 106.6 77.2, 77, 76.8, 70.7-70.4, 69.7, 69.6, 59.0, 55.9, 30.7. M, (GPC) = 2464 g mol™*, P =
1.05, M, (MALDI-TOF) = 2571 g mol™.
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Figure 2-19. MALDI-TOF spectra of macroinitiators 1,2,3, and 4.
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Polymerization of styrene was performed with macroinitiators under a standard ATRP condition.
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 N, 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 N, for 20 min. After degassing,
the tube was immersed in a preheated oil bath (95 °C), and the polymerization proceeded at this
temperature. The progress of polymerization was monitored by taking GPC at an interval of 1 h.
When the molecular weight of the block copolymer reached to the desired value, the reaction was
guenched by exposing the solution to air in an ice/water bath and diluted with CHCI; (15 mL). The
cooled solution was filtered through a pack of aluminum oxide (basic) with CHCI; to remove the Cu
catalyst. The filtered solution was concentrated on a rotavap, and the resulting residue was diluted
with 20 mL CH,CI,. This solution was precipitated into methanol (400 mL). The white powder was
collected by vacuum filtration and dried in vacuo. All block copolymers were characterized by 'H
NMR and GPC to evaluate the molecular weight and the size distribution. The molecular

characteristics of the block copolymers are listed in Table 2-2.

Table 2-2. Characterization of dendritic-linear block copolymers

sample M DP, (PS)" P foec Phase®
(g/mol)?
Lygs 19190 185 1.09 10.9 v,
Loy 21380 217 1.07 9.3 c
123 24460 232 1.06 8.9 Ic,h
2180 19240 180 1.11 11.4 v,
23 21320 213 1.08 9.4 c
2015 24130 245 1.12 8.4 lc,h
3 23790 223 1.06 9.1 c
322 24970 242 1.06 8.4 Ic,h
Ao 23480 222 1.06 9.1 c
Aosy 24930 254 1.08 8.0 lc,h

3The number average molecular weight and molecular weight distribution determined by GPC (THF, 35 °C, 1 mL min*

flow rate) using PS standards. ® The number average degree of polymerization of PS block determined by *H NMR
integration. ¢ The molecular weight ratio of the PEG domain to that of the PS block (My(PEG) = 2150 g/mol). “ Observed
morphology of self-assembled structures of the suspension solution prepared from dioxane solution of the block copolymer
(0.5 wt%). v: vesicle, I: lamella, c: cubosomes, Ic: large cubosomes, h: hexasomes
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Figure 2-20. 'H NMR spectra of dendritic-linear block copolymers.

Preparation of NH,-PEG4s-PS,1p and SH-PEG4s-PS;1o. 2,4-Dinitrophenylthioacetic acid and o-
alkyne-w-bromide polystyrene (M, = 21,000 g mol™) were respectively synthesized according to

43,44

literature procedures. o, o-Azido PEG (M, = 2,000 g mol™) was subjected to azide-alkyne
Huisgen cycloaddition with a-alkyne-wo-bromide polystyrene (M, = 21,000 g mol™) in the presence of
CuBr and PMDETA. The resulting N3-PEG4s-PS,;9 was transformed to NH,-PEG,5-PS;10 (M, =
23,000 g mol™) under Staudinger reaction condition. a-Hydroxyl-w-azido PEG (M, = 2,000 g mol™)
was conjugated with 2,4-dinitrophenylthioacetic acid by Steglich esterification. After 20 h the
solution was precipitated into cold diethyl ether. The polymer was filtered and dried to yield an off-
white solid. The resulting polymer was coupled with a-alkyne-m-bromide polystyrene (M, = 21,000 g
mol™) in the presence of CuBr and PMDETA. To obtain SH-PEG.s-PS,10 (M, = 23,000 g mol™), the
protecting group of thiol was removed through an exchange reaction of the protected chain-end with a
large excess of ethanethiol in the presence of triethylamine. The presence of a-functional group was

confirmed by GPC with a UV detector, which showed a presence of labeled dyes on the position of
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block copolymers in the chromatograms. All block copolymers were characterized by *H NMR and
GPC to evaluate the molecular weight and the size distribution. NH,-PEG,s-PS,;0 DP,, (PS) = 220 (lH
NMR). M, = 23,971 g mol™, B = 1.12 (GPC). SH-PEGs-PS;;, DP, (PS) = 201 (*H NMR). M, =
23,793 g mol™, ® = 1.09 (GPC).
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Scheme 2-3. Synthesis of a-functionalized PEG-PS block copolymers.

Self-assembly of dendritic-linear block copolymers into polymer cubosomes. In a typical
procedure, 1,17 (20 mg) was dissolved in 1,4-dioxane (2 mL) in a 15 mL capped vial with a magnetic
stirrer. The solution was stirred for three hours at room temperature. A syringe pump was calibrated to
deliver water at a speed of 1 mL h™. The vial cap was replaced by a rubber septum. Water (2 mL,
MilliQ, 18.1 MQ) was added to the organic solution with vigorous stirring (850 revolutions per
minute) by a syringe pump with a 5 mL syringe equipped with a steel needle. The resulting
suspension solution was subjected to dialysis (molecular weight cutoff (MWCO) ~12-14 kDa
(SpectraPor)) against water for 24 hours with frequent changes of water. The procedure could be
scaled up to 100 mg with a proportionally increased amount of solvents and rate of water addition.
For coassembly with a-functionalized linear block copolymers, the block copolymer mixture was
prepared by mixing dioxane solutions of a linear-dendritic block copolymer (10 mg mL™) and the a-
functionalized linear block copolymer (2 mg mL™) in an appropriate ratio (2 mL). This mixture was
stirred for three hours at room temperature. Water was added to it via a syringe pump, as described

above, followed by dialysis against water. Polymer cubosomes settled down in water during storage
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under gravity and could be redispersed on shaking the aqueous solution.

Covalent labelling of surface functional groups of polymer cubosomes. An equimolar mixture of
Rho-NHS and F-MI was dissolved in PBS (pH 7.4). This solution was mixed with the polymer
cubosomes of 1,17/(NHy-PEGy5-PS;10/SH-PEG,5-PS;10) (an equimolar mixture of linear block
copolymers, 8% w/w) dispersed in PBS. The mixture was aged for 16 hours at room temperature. The
excess fluorescent dyes were removed from the suspension by repeated centrifugation on a centrifugal
filter (MWCO = 100 kDa (Amicon)) and dilution with buffer and methanol until the aliquot did not
show any fluorescence. The polymer cubosomes of 1,57 without surface functional groups did not
show any retention of dyes on fluorescence microscopy after the same procedure of purification. The
labelled polymer cubosomes were visualized on a confocal laser scanning microscope (FluoView
1000, Olympus).

Biotinylation of polymer cubosomes and streptavidin compartmentalization. The polymer
cubosomes of 1,17/NH,-PEG45-PS»10 (10% wi/w) were prepared by the method described above. The
NH,-functionalized polymer cubosomes were reacted with NHS-PEG,-biotin (Thermo Scientific) in
PBS (pH 7.4) for 24 hours at room temperature. The excess reagent was removed from the suspension
by repeated centrifugation and dilution with PBS and methanol. This biotin—polymer cubosomes were
mixed with a PBS solution of fluorescein-labelled streptavidin homotetramer (Sigma) for 24 hours at
4 °C. The unbound streptavidin was removed by centrifugation on a centrifugal filter (MWCO = 100

kDa (Amicon)). The centrifugation was repeated until the filtered portion showed no fluorescence.

Conjugation of HRP to polymer cubosomes. A PBS solution of the cubosome of 1,,7/SH-PEG,s-
PS,10 (7% wiw, 1 mg mL™, pH 7.4) was added to HRP-maleimide (1 mg, 44.1 kDa) in a vial. The
mixture was stirred for three days. The solution was then centrifuged and washed several times with
PBS solution until no free HRP could be detected in the supernatant. As detected by ICP-MS, about
70% of all available thiol sites were occupied by HRP-maleimide. To measure the enzymatic activity,
equivalent amounts of HRP from free HRP or HRP-cubosome were mixed with a PBS solution (pH
7.4) of 1.67 mM ABTS in a quartz cell, and 0.125 mM hydrogen peroxide was added to initiate the
oxidative reaction. Time-course absorption changes of ABTS+" at 740 nm were collected on a JASCO
V-670 spectrophotometer. The Michaelis-Menten equation was applied, and the kinetic parameters

were interpreted using a Lineweaver—Burk plot.
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Chapter 3. Mesoporous monoliths of inverse bicontinuous cubic phases of
block copolymer bilayers

3.1 Abstract

Solution self-assembly of block copolymers into inverse bicontinuous cubic mesophases is a
promising new approach for creating porous polymer films and monoliths with highly organized
bicontinuous mesoporous networks. Here we report the direct self-assembly of block copolymers with
branched hydrophilic blocks into large monoliths consisting of the inverse bicontinuous cubic
structures of the block copolymer bilayer. We suggest a facile and scalable method of solution self-
assembly by diffusion of water to the block copolymer solution, which results in the unperturbed
formation of mesoporous monoliths with largepore (>25nm diameter) networks weaved in crystalline
lattices. The surface functional groups of the internal large-pore networks are freely accessible for
large guest molecules such as protein complexes of which the molecular weight exceeded 100 kDa.
The internal double-diamond (Pn3m) networks of large pores within the mesoporous monoliths could
be replicated to self-supporting three-dimensional skeletal structures of crystalline titania and

mesoporous silica.

3.2 Introduction

Porous polymer films and monoliths with internal bicontinuous nanoporous networks are
increasingly important materials for applications such as desalination of water, ultrafiltration,
chromatography, drug delivery, catalysis and nanotemplating."” In addition, polymer films and
monoliths that have a three-dimensional (3D) crystalline array of internal nanoporous networks can
serve as soft templates for creating mesoporous semiconductor crystals for highly efficient optical and
optoelectronic materials and multifunctional hybrid materials.>™ In spite of recent advances in

synthesizing porous polymers with internal bicontinuous porous networks,**?°

microphase separation
of block copolymers (BCPs) in bulk, followed by a selective removal of the labile polymer domains,
remains a dominant method to create a cubic crystalline array of bicontinuous nanopores in polymer
films and monoliths.??? This method relies on the slow motion of BCPs in bulk, which might impede
rapid synthesis of large monoliths with highly organized bicontinuous arrays of pores such as
bicontinuous cubic structures.”® Although solution self-assembly of BCPs has been widely used to

24,25

create nanostructures with the desired morphology and functions, this method generally yielded

low-dimensional nanostructures, and, thus, has rarely been adopted as a method for the creation of

highly ordered 3D periodic porous polymers.

14,26-31

Peinemann, Abetz, and others reported the synthesis of 3D porous polymers by non-solvent-

induced phase separation of BCPs, which gives an integral asymmetric membrane with a highly
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ordered thin layer on top of a non-ordered sponge-like layer. Recently, Wiesner and co-workers®**’

developed SIM?PLE (spinodal-decomposition-induced macro- and mesophases separation plus
extraction by rinsing) method based on the phase separation of BCPs and spinodal decomposition
between BCPs and oligomeric additives, rendering the resulting structures to be hierarchically porous
polymer monoliths composed of ordered mesopores and randomly distributed macropores. Still,
however, direct self-assembly of BCPs in solution into the dense inverse bicontinuous cubic (IBC)
structures of the BCP bilayer in the form of films and monoliths has remained a challenge.

Solution self-assembly of BCPs has shown the formation of inverse mesophases, which resulted in
the formation of colloidal nano- and microparticles having internal bicontinuous pore networks.**%’
The direct self-assembly of BCPs into IBC structures consisting of the BCP bilayers is an emerging
method to create highly regular bicontinuous porous polymers without any aid of post processes to
generate internal pore networks and surface functional groups.***” We recently showed that the
dendritic-linear BCPs composed of a dendritic block with peripheral hydrophilic poly(ethylene glycol)
(PEG) chains and a glassy polystyrene (PS) hydrophobic block (Figure 3-1a) preferentially self-
assemble into inverse bicontinuous mesophases, in which the constituting BCP bilayers form the IBC
structure, a 3D-flexed periodic structures of the membrane having zero mean curvature.*>*® This self-
assembly results in the formation of microscaled colloidal particles having internal non-
interpenetrating networks of water channels weaved in a cubic crystalline order. The internal
structures of the resulting colloidal particles (polymer cubosomes) consist of the IBC structure of the
BCP bilayers, and show crystalline lattices over the long range including primitive cubic (P surface),
double-diamond (D surface) and gyroid (G surface) symmetries. Peinemann and co-workers®’ also
reported the formation of polymer cubosomes having internal P surface by self-assembly of
poly(acrylic acid)-b-PS in dilute solution, which exhibited high sorption capabilities for proteins. This
new synthetic strategy based on direct self-assembly of BCPs in solution could be greatly beneficial to
the creation of porous polymers with 3D-ordered porous networks. However, the solution self-
assembly of BCPs has rendered the resulting porous polymers to be colloidal particles rather than
films and monoliths.

We report here the direct solution self-assembly of amphiphilic dendritic-linear BCPs into
mesoporous monoliths entirely composed of triply periodic IBC structures of the BCP bilayer.
Utilizing the preferential self-assembly of dendritic-linear BCPs into inverse mesophases in solution,*
we devise a simple and scalable method for the preparation of large mesoporous monoliths by self-
assembly of the BCPs into the IBC structures, which is driven by the diffusion of a poor solvent
(water) into the BCP solution under controlled humidity. This method allows the unperturbed growth
of the porous monolith with an internal 3D cubic crystalline array of networks of large water channels
(>25 nm) of a double-diamond lattice (Pn3m) with the desired surface functional groups. The internal

network of the water channels may be used as a platform to accommodate guest molecules such as
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protein complexes, and the monolith is also demonstrated as a scaffold for the synthesis of 3D skeletal
nanostructures of inorganic oxides with hierarchical porous networks.

3.3 Results and discussion
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Figure 3-1. SDEMS of dendritic-linear BCPs. (a) Chemical structures of dendritic-linear BCPs used
in this study. The subscript indicates the average number of repeat units in the PS block. The weight
fraction of the PEG domain is 9.3% for 1,;; and 9.4% for 2,13. (b) Schematic illustration of SDEMS

process and the monolith consisting of the IBC structures of the BCP bilayers.
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Solvent diffusion—evaporation-mediated self-assembly of BCPs. In the routine practice for the
self-assembly of dendritic-linear BCPs such as 1,;; and 2,3 (Figure 3-1a) in dilute solution (cosolvent
method), water, a poor solvent for the hydrophobic PS block, is gradually introduced to the BCP
solution dissolved in dioxane, a common solvent for both of the polymer blocks. The addition of
water destabilizes the PS blocks and consequently results in the aggregation of these PS blocks to
form the core of the bilayer membrane, which has a corona composed of the PEG domain. This
process inevitably requires physical agitation of the solution to ensure a homogeneous mixing of the
two solvents, which renders the resulting self-assembled structures to be colloidal polymer cubosomes
with microscaled sizes.*® Therefore, the inverse bicontinuous structures formed in solution by self-
assembly of BCPs remained colloidal particles rather than macroscopic objects such as films and
monoliths.

To avoid this formation of colloidal particles in solution, we devised a method to introduce water
into the dioxane solution of the BCP without physical agitation or perturbation. We imagined that,
under saturated humidity (relative humidity = 100%), water vapor in the atmosphere would diffuse
into the dioxane solution of 1,;; cast on a stationary substrate, with dioxane evaporating into the
atmosphere. When the critical water content within the dioxane solution is reached (~15 vol%), the
self-assembly of 1,;; would be initiated from the air-solution interface where the water content is
presumably highest. We assumed that the formation of the IBC phases of the BCP would proceed
downwards from the interface caused by diffusion of water. This method would ensure unperturbed
growth of the monolith consisting of the IBC structure of the BCP because of the fast kinetics of self-

assembly of 1,7 in solution.

Figure 3-2. SEM images of (a) the cross-section, (b) the top portion, and (c) the bottom side views of

the monolith from 1,,; after premature quenching of the self-assembly:.
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We tested our method, namely ‘solvent diffusion-evaporation mediated self-assembly’ (SDEMS;
Figure 3-1Db), by placing a dioxane solution (12 wt%) of 1,;; cast on a glass substrate (0.5 mm wet
film thickness) in a sealed humidity chamber (relative humidity = 100%, 23 °C). After 1 h, the glass
substrate was removed from the chamber and immersed into water to quench the assembly process by
vitrification of the PS blocks. After removing dioxane by solvent exchange in water, we obtained the
opaque monolithic film of 1,;;. Observed on scanning electron microscopy (SEM), this monolithic
film revealed that the internal IBC structures consisting of the bilayer of 1,;; resided under the top
layer (~10 um thick) without any defined mesostructures (Figure 3-2). When the same dioxane
solution of 1,17 was placed in the same chamber filled with dry N, we did not observe any formation
of the IBC structures of the BCP. Instead, a transparent film without any mesoscaled internal structure
was observed after solvent evaporation. We also observed the formation of polymer cubosomes
instead of monoliths when the dilute dioxane solution of 1,;; (0.5-3 wt%) was used for the SDEMS
(Figure 3-3). This observation indicated that the formation of the inverse bicontinuous mesophase of
1,17 was the result of the self-assembly of the BCP in solution rather than the microphase separation of

the BCP in bulk during the solvent evaporation.

Figure 3-3. SEM images of polymer cubosomes prepared from the dilute dioxane solution (1 wt%) of
1,,7 under SDEMS condition. The average diameter of cubosomes is ~ 6.6 um. The outer surface of

the cubosomes shows the porous structure from the perforated lamella.
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As the rate of dioxane evaporation under saturated humidity during the SDEMS process is directly
related to the rate of the increase of water content, we expected that the kinetics of self-assembly of
BCPs could be controlled by reducing the rate of dioxane evaporation. To prevent a premature
guenching of the self-assembly of the BCP by a rapid increase of the water content, resulting in the
formation of a featureless bulk of the BCP at the air-solution interface, we presaturated the humidity
chamber with a mixture of water and dioxane (1:1 v/v) with an expectation that the dioxane vapor in
the atmosphere would reduce the vapor pressure of the solvent, and thus slow down the rate of
evaporation of the organic solvent.

Under these conditions, a dioxane solution of 2,3 (12 wt%) was cast on a glass disk (2.5 cm
diameter, 0.3mm wet film height), and the coated disk was placed in a humidity chamber presaturated
with a dioxane/water mixture (1:1 v/v) at 23 °C. After 1 h, the resulting disk was removed from the
humidity chamber and immersed in excess water to remove residual dioxane, which yielded an
opaque monolithic film on the substrate (Figure 3-4a inset). SEM images of the resulting monolith
showed that the top layer of the monolith consisted of a perforated BCP bilayer, which exhibited an
array of nanopores (~10nm diameter) over the entire top surface (8.5 x 10° pores per cm? obtained by
image analysis; Figure 3-4a). Below the top perforated bilayer, a highly crystalline inverse
bicontinuous structure of polymer bilayers was observed over the entire thickness of the monolith (40
um; Figure 3-4b-e). We also observed that the disordered domains and macroscopic defects gradually
appeared within the monolith of 2,3 as the thickness of the monolith increased (Figure 3-4b). We
attributed this increased disorders within the monolith to the fact that the motion of polymer chains
might be kinetically limited by the concentration gradient of water as the self-assembly progressed

from the air-solution interface to the substrate by diffusion of water from the interface.
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Figure 3-4. Structural characterization of the monolith of 2,;3. (a) SEM images of the top layer of the
monolith showing a perforated polymer layer having evenly distributed nanopores (~10 nm) in a long
range. Scale bar, 1 um. The inset shows a photograph of the polymer monolith of 2,3 prepared on a
glass substrate (2.5 cm diameter, scale bar, 1 cm). (b) SEM image of the cross-section view of the
monolith. Scale bar, 20 um. The part highlighted by squares was magnified to show detailed
morphology of the top and bottom edges (insets, scale bars, 500 nm). (c—e) SEM images of the
internal crystalline structures of the monolith of 2,5 of a Pn3m lattice showing views at [100] (c),
[110] (d) and [111] (e) directions. Scale bars, 300 nm (c—e). (f) SAXS results (5-60 min) by time-
interval quenching of the self-assembled structures by immersion of the monoliths of 2,5 in liquid N..
Black line indicates the SAXS pattern obtained by SDEMS without quenching by N,. The peaks were
indexed to Pn3m symmetry. (g) N, adsorption—desorption isotherms of the monolith of 2,;5. The inset

shows the BJH pore size distribution peaked at 37 nm.
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SEM images of the fractured monolith of 2,5 revealed the IBC crystalline structures of the BCP
bilayers. These structures were assigned to a double-diamond lattice (D surface, Pn3m symmetry,
lattice constant (a) = 51.7 nm) by synchrotron small angle X-ray scattering (SAXS) (Figure 3-4f).
Under the identical condition, 1,17, an isomeric analogue to 2,3 that differs only in the structure of the
benzyl ether dendritic block (Figure 3-1a), self-assembled to form a monolith exhibiting similar
morphology to the monolith of 2,3 (Figure 3-5). The internal structure of the monolithic film of 1,;;
was assigned to a primitive cubic lattice (P surface, Im3m symmetry, a = 82.4 nm) coexisting with a
double-diamond lattice (D surface, Pn3m symmetry, a = 64.1 nm) by SAXS and SEM. We, therefore,
used the monolith of 2,13 for further structural characterization and our studies owing to the
homogeneity of the internal crystalline lattice. The D surface structure also has been proposed to
provide materials with interesting functions such as full bandgap photonic crystals and

multifunctional hybrid materials such as a highly electrically conductive but poorly thermally
11,12

conductive materials.
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Figure 3-5. Structural characterization of the monolith of 1,7. (a-c) SEM images of the top perforated
layer of the monolith from 1,;;. The top layer of the monolith consisting of perforated BCP layer
exhibits an array of nanopores (~10 nm diameter) over the entire top surfaces (8.5x10° pores cm™). (d)
SAXS data showing the mixed phases of Im3m and Pn3m. Black and red arrows respectively indicate
a primitive cubic lattice (Im3m) and double diamond lattice (Pn3m). (¢) SEM image for the monolith

of 1,7 at the [100] projection of Im3m.



The formation of the internal IBC structure of the bilayer of 2,;3 was traced using time-interval
quenching of the self-assembled structure by immersion of the monolith in liquid N,, followed by a
rapid exchange of the solvent by immersing the frozen structure in water. The rapid cooling of the
self-assembled structure of 2,;3 with liquid N, ensured that the BCP chains were in the glassy state,
resulting in a minimal rearrangement of BCP chains while removing dioxane from the monolith. The
quenched samples at each time interval were examined by SAXS and SEM. The results showed a
gradual growth of the D surface of the BCP bilayer within the monolith over 1 h (Figure 3-4f and 3-6).
From the SAXS results of the monolith of 2,13 prepared by SDEMS, we observed a weak peak
appearing at low q region, which might result from the presence of disordered single continuous
phases (Figure 3-4f).% Residual solvent molecules localized in the PS-rich domain would plasticize
the PS blocks constituting the bilayer, and, therefore, could develop a pressure for the local grains of

Pn3m symmetry to be rearranged to a single-diamond phase with some disorder.*

Figure 3-6. Time-course SEM analysis of mesoporous monoliths from 2,3 after quenching at (a) 10
min, (b) 15 min, (c) 20 min, (d) 25 min, (e) 30 min, and (f) 60 min during SDEMS (scale bars, 500
nm). The regular structures of Pn3m were gradually evolved.

As expected from the materials composed of glassy PS polymer blocks, the monoliths of dendritic-
linear BCPs maintained the structural integrity at room temperature upon drying the solvents. The N,
adsorption—desorption isotherms at 77 K revealed that the monolith of 2,13 exhibited a large surface
area (73m? g) and pore volume (0.45 cm® g*) determined by Brunauer-Emmett-Teller (BET)
analysis. The Barrett, Joyner and Halenda (BJH) analysis revealed the pore size distribution at 32 nm,
which coincided with the observed pore dimension by SEM studies (Figure 3-4g). The size and the
thickness of the monolith were scalable as the BCP solution could be cast on a substrate of any size,
and the thickness of the resulting monolithic film was proportional to the wet thickness of the polymer

solution cast on a substrate. Using the SDEMS method, we were able to prepare a monolith of
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dendritic-linear BCPs with a thickness of 400 um on a 25 cm? glass slide (Figure 3-7).

s i 5

Figure 3-7. (a) The photograph shows the polymer monolith of 2,45 on a glass slide (25 cm?). (b) The
cross-section view of SEM indicates the thickness of the monolith is ~ 400 um. (c) The top-surfaces
of macroporous portions showing perforated bilayers. The inset shows a regular pore arrangement. (d)

All other portions showed the regular structures of Pn3m, as shown in the SEM image.

Surface functionalization of the mesoporous monoliths. The bicontinuous cubic networks of large
pores embedded within the IBC structure of the BCP bilayers could allow these porous polymer
monoliths to be used as platforms for applications such as protein separation, biochemical
transformation and nanotemplating.***” To demonstrate the accessibility and usability of the internal
networks of the water channels within the polymer monoliths, we introduced surface amino groups
throughout the BCP bilayer by the co-assembly of 2,13 and NH,—PEG45—PS;1, a linear BCP with an a-
amino group at the hydrophilic PEG block under the SDEMS condition (2,13/NH,—PEG45—PS,19 93:7
w/w in dioxane).*® The resulting surface-functionalized porous monolith exhibited the identical
structural characteristics to the monolith of 2,5, and showed an internal D surface structure (Pn3m) by
SAXS and SEM (a = 63.2 nm; Figure 3-8).
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Figure 3-8. SAXS data and SEM images of the co-assembled polymer monoliths of 2,3 / NH,-

PEG5-PS,10 (93:7 w/w in dioxane). (a) The SAXS result of the co-assembled polymer monoliths
shows double diamond (Pn3m) lattice (a = 63.2 nm). (b) SEM image of a cross section of the
functionalized monoliths. (¢) High-magnification SEM image of internal structure shows a double

diamond lattice viewed in the [111] direction.

The surface amino groups of the monolith were converted to biotins to anchor streptavidin homo-
tetramer labelled with fluorescein (54 kDa, Sigma) using the strong non-covalent interaction between
biotin and streptavidin. On confocal laser scanning microscopy (CLSM), the resulting monolith
showed a strong green fluorescence over the entire area (~1 cm?) and thickness (~40 um), which
indicated that the fluorescein-labelled streptavidin was successfully bound to the surface biotin within
the water channel networks. This streptavidin-bound monolith was immersed in a solution of the
biotin-mCherry fluorescent protein (35 kDa; Ref. 40), which yielded the monolith clearly showing
cherry-colored fluorescence owing to the binding of biotin-mCherry to the remaining binding sites of
the surface-bound streptavidin (Figure 3-9a). The axial intensity profile of fluorescence revealed the
coexistence of streptavidin and biotin-mCherry fluorescent protein along the optical axis, which
indicated the sequential binding of both proteins on the internal surface of the mesoporous networks
within the monolith. The gradual decrease of fluorescence intensity along the depth of the monolith
was derived from photobleaching during the measurement (Figure 3-9¢). This result demonstrated that
the easy access of large guest molecules such as proteins and their complexes could easily access the

internal networks of the large water channels of the polymer monolith.
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Figure 3-9. (a) Schematic illustration of surface functionalization of the monolith of 2,13/NH,-PEGs-
PS210 (93:7 w/w in dioxane) with protein complexes. The biotinylated monolith was complexed with
fluorescein isothiocyanate-labelled streptavidin homo-tetramer. mCherry-biotin fluorescent protein
was further assembled with the streptavidin on the surface of the monolith. Excess proteins was
removed by rigorous washing procedures. (b) CLSM images of the biotinylated monolith of 2;,3/NH,-
PEG5-PS,10 (93/7 wiw) after binding of fluorescein isothiocyanate-streptavidin (Aem = 519 nm, left of
panel). Subsequent binding of biotinylated-mCherry fluorescent protein (Aem = 610 nm, center of
panel) showed cherry-colored fluorescence. Two images were merged (right of panel). The image was
taken from 127x127x34 um (width/height/depth) region near the top surface of the monolith. Scale
bars, 40 um. (c) Axial intensity profile of CLSM images along the optical axis was recorded from X, v,

z image stacks, revealing the distributions of proteins.

Templated synthesis of skeletal inorganic structures. These internal large-pore networks of the
BCP monolith could be translated into the 3D self-supporting skeletal networks of functional organic
and inorganic materials, which have structural symmetry inherited from the IBC structure comprising
the BCP monolith (Figure 3-10). Therefore, we introduced liquid precursors of inorganic oxides such
as titanium (1V) isopropoxide (Ti(QiPr),) into the D surface monolith of 2,5 (thickness 40 um, 1 cm?
area). Following the acid-catalyzed crosslinking of Ti(OiPr), to form TiO,, the resulting white
monolith was sintered at 500 °C under ambient condition for 3 h to remove the BCP template (Figure
3-10; Refs 41,42). The SEM and transmission electron microscopy (TEM) images of the resulting
TiO, monolith (Figure 3-11a—c and 3-12) showed that the monolith consisted of a skeletal replica of
the water channel networks residing in the polymer monolith. SAXS analysis of the skeletal TiO,

monolith revealed a diffraction pattern of the single-diamond phase (Fd3m symmetry) (Figure 3-12g
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and ref. 38). Thermal treatment during calcination possibly affects structural constraints and causes a
rearrangement of Pn3m to Fd3m owing to the increased mobility of polymer chains during calcination
at the temperature well above glass transition temperature (Ty) of PS block (Figure 3-10 and 3-11; ref.
39).

i) Ti(QiPr)4/MeOH/H,O/HCI
i) Calcination

4
S-Tio,
_ : Mesopore (Fd3m)

Pn3m template Micropore (P6mm) \

> K

i) Si(OEt),/CTAB/EtOH/H,O/HCI
ii) Calcination

Figure 3-10. 3D skeletal inorganic nanostructures replicated from the monolith of 2,13. The monoliths
of 2,13 were used as templates for the fabrication of 3D skeletal porous inorganic nanostructures. The
monoliths were immersed in each precursor solutions and excess solutions were removed before the
calcination. mS-SiO, was schematically drawn to represent the hierarchically porous structure in
which hexagonally ordered nanopores were incorporated into the skeletons consisting the self-

supporting networks.

The energy-dispersive X-ray spectroscopy mapping on TEM confirmed that the resulting 3D
skeletal structures consisted of TiO, (S-TiO,) (Figure 3-11c). The mean diameter of the constituting
TiO, skeletons was determined to 15.5 nm by porosimetry, which was in line with the SEM and TEM
images. We further revealed the characteristics of S-TiO, at the atomic scale by X-ray diffraction,
which showed a pattern of the crystalline phase of TiO, in an anatase form. High-resolution TEM
images of the skeletons of S-TiO, clearly showed a well-defined lattice space (0.38 nm) of the typical
(100) crystalline plane of anatase TiO, (Figure 3-11d).
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Figure 3-11. Photocatalytic porous TiO, nanostructures replicated from the monolith of 2,:5. (a, b)
SEM images of S-TiO, synthesized within the mesoporous monolith of 2,13. Scale bars, 300 nm. The
inset in (a) shows a photograph of S-TiO, monolith. (scale bar, 5 mm). (c) EDS (Energy-dispersive X-
ray spectroscopy) mapping of S-TiO, replicated from the monolith of 2,,5. Scale bars, 50 nm. (d) X-
ray diffraction data of the anatase TiO, skeletons consisting of the skeletal nanostructures. The inset
shows a TEM image of the lattice structures of anatase TiO, skeletons. (¢) Comparison of the
photocatalytic activity of S-TiO, with that of bulk TiO, under the same experimental conditions. The y
axis indicates the optical density of the methylene blue solution, whereas the x axis indicates the

ultraviolet light irradiation time.
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Figure 3-12. (a-b) Bright filed TEM images and (c) high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of S-TiO,. (d-f) SEM images of S-TiO;
showing the shift of bicontinuous phase to single diamond network. (g) The SAXS result of S-TiO,
shows single diamond (Fd3m) phase.

We investigated the photocatalytic activity of S-TiO, by monitoring the change in optical absorbance
of methylene blue, which can be found as a water contaminant from dyeing processes.”* Upon
irradiation of a 3 ml methylene blue solution in the presence of S-TiO, (3 mg), the photodegradation
of methylene blue was complete after 14 min, while the commercial TiO, nanoparticles (Sigma,
<25nm particle size) under the same experimental condition took nearly 80 min (Figure 3-11e). The
kinetics of the photodegradation reaction was plotted to a pseudo-first order rate law using In(Cy/C) =
kt, where k is the apparent rate constant and t is the irradiation time.** The average reaction rate
constant of k for S-TiO, was 0.2764 min, which was 6.4 times that of the reference anatase TiO,
nanoparticles (k = 0.0434 min™). BET analyses revealed that the surface area (80m* g™) of S-TiO, is
greater than that of TiO, nanopowder (35m? g™*; Figure 3-13). These results clearly indicated that the
3D skeletal nanostructure of S-TiO, provided an advantage to photodegradation of dyes arising from

the large surface area and high accessibility to the catalytically active crystal planes.
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Figure 3-13. N, adsorption-desorption isotherms of S-TiO.,.
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Figure 3-14. Hierarchically porous SiO, skeletal nanostructures replicated from the monolith of 2.
(@) SEM image of the cross-section view of mS-SiO,. The inset shows a photograph of the SiO,
replica (scale bar, 5 mm). (b, ¢) SEM images of mS-SiO,. Scale bars, 500nm (a, b) and 100nm (c). (d—
f) TEM images of mS-SiO, replicated from the monolith of 2,,3. Scale bars, 100 nm (d, e) and 20nm
(f). (9) SAXS results of the monolith of 2,3 (black, a = 51.7 nm) used as the template and mS-SiO,
(red, a = 75.8 nm). The peaks were assigned to Pn3m (black line) and Fd3m (red line) symmetries,
respectively. (h) SAXS result of hexagonally ordered nanopores residing in the mS-SiO, (a = 3.58
nm). (i) N, adsorption—desorption isotherms of mS-SiO,.

We could also realize the novel example of 3D hierarchically ordered structures with multiscale
pores (Figure 3-10 and Figure 3-14a—c). By infiltrating the monolith of 2,3 with tetraethyl
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orthosilicate (Si(OEt),) in the presence of cetyltrimethylammonium bromide (CTAB), the skeletal
mesoporous silica could be synthesized within the large channels of the porous polymer monolith.*®
After the crosslinking of Si(OEt), and the calcination of the polymer template, we obtained the
hierarchically mesoporous skeletal SiO, replica (mS-SiO,), of which the constituting silica skeletons
(~18nm in diameter) possessed the hexagonally ordered nanochannels (a = 3.58 nm, pore diameter ~
1.4 nm determined by SAXS) parallel to the long axis of the skeleton (Figure 3-14f, h). SAXS results
of the resulting mS-SiO, showed that the symmetry breaking from Pn3m to Fd3m occurred upon
heating during calcination. SEM and TEM analyses revealed the random shifting of two non-
intersecting skeletal networks by showing various projections of Fd3m in a similar manner to the

report by Ho and co-workers (Figure 3-14b—f and 3-15).*

w Y, . Bane” - g o !
Figure 3-15. (a) Bright field TEM and (b) STEM image of the mS-SiO, replicated from the monolith
of 2,13 showing the hexagonally ordered nanopores within the skeleton. (c, d) SEM images mS-SiO,

of at various projections showing shifted networks to form single diamond phase.

The hierarchically porous structure of mS-SiO, was also confirmed by N, adsorption—desorption
isotherms (Figure 3-14i). The BET analysis of the isotherms showed an increased pore volume (1.38
cm® g™) and surface area (953.7 m® g™), which was threefold and 13-fold greater than the values of the
mesoporous monolith scaffold, respectively. BJH analysis of N, adsorption— desorption isotherms of

mS-SiO, showed a broad pore distribution in a range of 6—20 nm, exhibiting the mean pore diameter
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of 5.9 nm (Figure 3-16). The average diameter of hexagonally ordered smaller mesopores residing in
the silica skeletons was estimated to be ~1.5 nm by the Horvath— Kawazoe model analysis. This
unique hierarchically porous structure could be beneficial for applications where large surface area

and high accessibility to the structure are required simultaneously.*
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Figure 3-16. (a) Micro- and (b) meso-pore size distributions by the Horvath-Kawazoe (HK) and BJH

methods on a N, adsorption-desorption isotherm of the mSiO,-Fd3m.

3.4 Summary

Solution self-assembly of amphiphilic BCPs into IBC mesophases is an emerging strategy to
synthesize highly ordered mesoporous polymers with reticulated mesoscale porous networks without
postsynthetic processes for pore generation. This direct self-assembly of BCPs in solution generated
highly ordered triply periodic porous structures with the desired surface functional groups, which
rendered these porous polymers potentially useful for separation, catalysis and nanotemplating. Our
method (SDEMS) to induce self-assembly of BCPs in solution without physical agitation is based on
the diffusion of a poor solvent for the PS block (water) into a solution in a common solvent to both
polymer blocks. The diffusion of water at the air-solution interface gradually deteriorates the solvent
quality towards the PS block, which propels the dendritic-linear BCPs to form bilayers in solution.

In appearance, our method shares some resemblance to evaporation-induced self-assembly for the
synthesis of mesoporous silica films.*” Evaporation-induced self-assembly increases the surfactant
concentration above the critical micelle concentration by gradually evaporating a common solvent,
which allows the resulting mesoporous structures to be a form of films and monoliths. In our case, the
diffusion of a poor solvent into the BCP solution is a key step to induce self-assembly because of the

low critical micelle concentration values of BCPs. The rate of evaporation of a common solvent has to
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be suppressed to prevent a premature kinetic quenching of self-assembly of BCPs. Non-solvent-

induced phase separation method by Peinemann, Abetz, and others**#

involves a quick phase
separation of BCPs at the air—solution interface caused by evaporation of solvents, which was
followed by a rapid solvent exchange with non-solvent within a phase-separated domain. SIM?PLE

method by Wiesner and co-workers™*’

is based on the phase separation of BCPs under solvent
swollen conditions also rendered the resulting structures to be hierarchically porous polymer
monoliths.

Our method ensures that the self-assembly retain the characteristics of solution self-assembly, but
only without physical agitation. The results and the demonstrations shown here substantiate that the
highly ordered internal large pore networks residing within the polymer monolith consisting of the
IBC of the BCP bilayer could be valuable platforms for advanced separations and nanotemplating. We
also point out that the results reported here suggest a new way to create highly ordered IBCs of BCP
bilayers in a large scale by exploiting from the simple and fast solution self-assembly of BCPs in

solution into inverse mesophases.

3.5 Experimental

General methods and materials. Nuclear magnetic resonance spectra were recorded on a Varian
VNMRS 600 spectrometer with CDCl; as a solvent. Molecular weights of BCPs were measured on an
Agilent 1260 Infinity GPC system equipped with a PL gel 5 mm mixed D column (Polymer
Laboratories) and differential refractive index detectors. Tetrahydrofuran (THF) was used as an eluent
with a flow rate of ImL min™. A PS standard (Polymer Laboratories) was used for calibration. TEM
was performed on a JEOL JEM-2100 and JEM-2100F microscope at an acceleration voltage of 200
kV. Sample specimens were prepared by placing a drop of the solution on a carbon-coated Cu grid
(200 mesh, Electron Microscopy Sciences). After 30 min, remaining solution on a grid was removed
with a filter paper, and the grid was air-dried for 18 h. SEM images were obtained on a FEI Nova
NanoSEM 230 microscope and Hitachi S-4800 FE SEM at an acceleration voltage of 10 kV. The
sample was placed on a conductive carbon layer and coated with Pt with a thickness of 3 nm by using
a K575X Sputter Coater. CLSM was performed on a FluoView 1000 Confocal Microscope (Olympus).
The Porous structures of the samples were analyzed by a nitrogen adsorption experiment at 77K using
a BEL BELSORP-Max system. The surface areas and pore size distributions of the samples were
calculated by using the BET equation and the BJH method, respectively. Small-angle X-ray scattering
data were obtained on the SAXS beam line (PLS-11 9A) at Pohang acceleration laboratory (Pohang,
Korea). Powder X-ray diffraction pattern was obtained on a D/MAZX 2500V/PC of Rigaku (Japan),

the sample was ground before the measurement.
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Synthesis of BCPs. All BCPs were synthesized and characterized by the literature procedures

reported earlier (Scheme 3-1 and 3-2;

summarized in Table 3-1.
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Scheme 3-2. Synthesis of NH,-PEG5-PS;1.

Table 3-1. Characterization of block copolymers

sample M, (g/mol)®  DP, (PS)° P? foea®
Ly 21380 217 1.07 9.3
2013 21320 213 1.08 9.4
NH,-PEGu5-PS10 23970 220 1.12 8.8

2The number average molecular weight and molecular weight distribution determined by GPC (THF, 35 °C, 1 mL min™ flow
rate) using PS standards. ® The number average degree of polymerization of PS block determined by *H NMR integration. ¢ The

molecular weight ratio of the PEG domain to that of the PS block

SDEMS of BCPs. In a typical procedure, 2,53 (20 mg) was dissolved in 1,4-dioxane (180 mg) in a
15 mL vial, and the resulting solution was kept at room temperature for 1 h before the use. A sealed
humidity chamber was prepared by mixing 35 mL of 1,4-dioxane and 35 mL of water in a 100 ml vial,
and then a cylindrical column to put a glass substrate was carefully added. A desired amount of the
solution of 2,13 was carefully cast on the glass slide, which was rapidly placed on the column in the
humidity chamber. The humidity chamber was then sealed for 1 h. After completing SDEMS, the
glass slide covered with the monolith of 2,13 was immersed into excess water to quench the assembly
process by vitrification of the PS block. The opaque monolithic film was then obtained after removing

1,4-dioxane by solvent exchange in water.

Surface functionalization of the mesoporous monolith of 2,13/NH»-PEGs-PS,10. The solution of
2513/NH»>-PEG5-PS,1 (93:7 wiw in 1,4-dioxane) was applied under SDEMS condition. The monolith
was then reacted with excess amount of NHS-PEG,—biotin (1,020 eq., Thermo Scientific) for 48 h,
followed by washing with methanol and PBS (pH 7.4) several times. The monolith was incubated
with excess amount of streptavidin homo-tetramer having fluorescein dye (54 kDa, Sigma) in PBS
(pH 7.4) for 26 h. The excess streptavidin was removed by washing with PBS (pH 7.4). The
streptavidin-bound monolith was immersed in a PBS solution of the biotin-mCherry fluorescent

protein (35 kDa), followed by washing with PBS (pH 7.4).
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Synthesis of S-TiO, and mS-SiO,. The monolith of 2,13 (thickness 40 um, 1 cm? area) was
impregnated with titanium (1V) isopropoxide, and then the acid-catalyzed crosslinking of Ti(OiPr),
was allowed to form TiO, under HCI vapor for 2 h. The resulting white monolith was sintered at
500 °C under air condition for 3 h. Polymeric silica sol was prepared by refluxing TEQS, ethanol,
water and HCI (molar ratios: 1:3:1:5x10°) at 80 °C for 1 h. Subsequently, CTAB solution (molar
ratios, CTAB:EtOH:HCI = 0.1:17:0.00395) was added to the silica sol. The monolith of 2,5 (thickness
40 um, 1 cm? area) was soaked with the fresh sol, and aged at 40 °C for 1 h. The impregnated

monolith was calcined under air condition at 520 °C for 4 h.

Typical procedure for photodegradation reaction. TiO, powder (3.0 mg) was suspended in
aqueous solution (3 mL) of methylene blue (0.01 g L™) in a quartz cuvette. Before ultraviolet
irradiation, the suspension was stirred in dark for 30 min to ensure the adsorption-desorption
equilibrium of methylene blue onto the TiO, surfaces. The suspension was then irradiated under
ultraviolet light (A = 254 nm, 30 W). A portion of the reaction mixture was picked up from the mixture,
centrifuged and analyzed by ultraviolet-visible absorption spectroscopy. The Kkinetics of the
degradation reaction was evaluated using the equation In(Co/C) = kt, where k is the rate constant and t

is the irradiation time.
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Chapter 4. A morphological transition of inverse mesophases of a
branched-linear block copolymer guided by using cosolvents

4.1 Abstract

We report here a strategy for influencing the phase and lattice of the inverse mesophases of a single
branchedlinear block copolymer (BCP) in solution which does not require changing the structure of
the BCP. The phase of the self-assembled structures of the block copolymer can be controlled ranging
from bilayer structures of positive curvature (polymersomes) to inverse mesophases (triply periodic
minimal surfaces and inverse hexagonal structures) by adjusting the solvent used for self-assembly.
By using solvent mixtures to dissolve the block copolymer we were able to systematically change the
affinity of the solvent toward the polystyrene block, which resulted in the formation of inverse
mesophases with the desired lattice by self-assembly of a single branched-linear block copolymer.
Our method was also applied to a new solution self-assembly method for a branched-linear block
copolymer on a stationary substrate under humidity, which resulted in the formation of large
mesoporous films. Our results constitute the first controlled transition of the inverse mesophases of

block copolymers by adjusting the solvent composition.

4.2 Introduction

The direct self-assembly of amphiphilic block copolymers (BCPs) into inverse bicontinuous
structures in solution is an emerging strategy for creating highly ordered porous polymers with three-
dimensionally interconnected networks of large pores.™ In a manner similar to the self-assembly of
lipids such as monoolein into colloidal particles of inverse bicontinuous cubic mesophases
(cubosomes) in water,’>** BCPs in solution could be directly self-assembled into colloidal particles of
inverse bicontinuous cubic phases of the BCP bilayer (polymer cubosomes).*"***° \We recently
reported that diblock copolymers, composed of a dendritic or branched hydrophilic block and a
hydrophobic linear polymer block, preferentially self-assemble into triply periodic minimal surfaces
(TPMSs) of the BCP bilayers in solution, resulting in the creation of polymer cubosomes having
highly defined internal large-pore networks.'**® The TPMSs of the BCP bilayers exhibited distinct
crystalline structures such as primitive cubic (Im3m, P surface), double diamond (Pn3m, D surface),
and gyroid (la3d, G surface) lattices, depending on the architecture of the dendritic hydrophilic block
as well as the block ratio between two distinct polymer domains. The polymer cubosomes of these
BCPs exhibited a large surface area, which could be functionalized by implementing the desired
functional groups through co-assembly with linear BCPs with a-functionalized hydrophilic blocks.
Moreover, the TPMSs of the BCP bilayer could be expanded to large-scale films by the diffusion of

water under saturated humidity into a concentrated solution of BCP cast on a stationary substrate.'®
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Our previous studies suggested that the branched architecture of the hydrophilic block played a
crucial role in the preferential self-assembly of branched-linear BCPs (Scheme 1) into inverse
mesophases by affecting the chain dimension of the hydrophobic block with respect to the bilayer
plane.'” This altered chain dimension caused the critical packing parameter (P, defined as P=V/agl., in
which V is the volume of the hydrophobic part, a, is the molecular area per amphiphile, and I is the
critical length of the hydrophobic part) of the BCP to be greater than unity, which was presumed to be
a qualitative prerequisite for inverse mesophase formation by self-assembly of BCPs and lipids in
solution.*>*

In spite of this architectural effect on self-assembly, the block ratio (freg, defined by the ratio of the
molecular weight of the hydrophilic poly(ethylene glycol) (PEG) domain to that of the hydrophobic
polystyrene (PS) chain) remained as a dominant factor governing the phase behavior of the BCP.***
Therefore, the block ratio of the BCP should be carefully adjusted by using controlled radical
polymerization of the hydrophobic PS block to restrict the molecular weight of the PS block to the
narrow range required for the preferential self-assembly of the BCPs into inverse bicontinuous cubic
mesophases. This stringent requirement of the architecture of branched-linear BCPs might hinder the
availability of the resulting self-assembled structures for further studies and applications. Here we
demonstrate that the phase of the self-assembled structures of a branched-linear BCP consisting of
branched PEG and linear PS blocks can be controlled to favor the formation of inverse mesophases
over conventional polymer vesicles by adjusting the composition of the solvent mixture.

RO.
R PN
OR
R = CH3(OCH,CH,)2

Guided by
using cosolvents

PEG5504-PS,77

Vesicle Lamella

Dioxane

Scheme 4-1. A branched-linear block copolymer and its self-assembly into inverse mesophases with

desired lattices guided by using cosolvents.
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4.3 Results and discussion

Self-assembly of branched-linear block copolymers. In this study, we synthesized branched-linear
BCPs (bPEG-PS,; n = number of repeat units in the polystyrene chain) through atom-transfer radical
polymerization (ATRP) of styrene in the presence of a macroinitiator, which has three PEG550 chains
(M, = 550 g mol™) tethered to a 3,4,5-trihydroxybenzyl ester core (Scheme 4-1). This method allowed
to control the block ratio (freg) by adjusting the molecular weight of the PS chain (Table 4-1).

Table 4-1. Characterization of PEG5505-PSs

sample ?gnmol‘l) . D (I?DPS") b ]EE’/E‘; ¢ Phase®
PEG550:-PS,q, 16560 1.09 160 9.8 v
PEG5505-PS;5; 17060 1.09 167 9.5 \Y;
PEG5505-PS,7; 17880 1.08 177 8.9 \Y;
PEG5503-PS,,, 19760 1.07 200 7.9 c
PEG5503-PSy,, 19940 1.08 204 7.7 c
PEG5505-PS,;, 20830 108 211 75 c
PEG5505-PS,;s 21750 107 215 73 Ic
PEG5505-PS,je 22390 105 219 7.2 Ic
PEG5505-PS,s, 22320 108 231 6.9 Ic
PEG5503-PSy55 24130 1.08 238 6.6 Ic
PEG5503-PS,55 25170 1.08 255 6.2 H
PEG5503-PSys3 26370 1.08 283 5.6 H

% The number average molecular weight and molecular weight
distribution determined by GPC (THF, 35 °C, 1 mL min™ flow rate)
using PS standards. " The number average degree of polymerization of PS
block determined by "H NMR integration. ° The molecular weight ratio of
the PEG domain to that of the PS block (M,(PEG) = 1650 g mol™ for
5504-PS,). ¢ Observed morphology of self-assembled structures of a
suspension prepared from a dioxane solution of the BCP (0.5 wt. %). v:
vesicle, c: cubosomes, Ic: large cubosomes. H: hexasomes

The resulting bPEG-PS,, was allowed to self-assemble in solution by the cosolvent method involving
the addition of a PEG-block-selective solvent (water) to a solution of BCPs dissolved in an organic
solvent (0.5 wt% in dioxane) at a controlled rate. Under this condition, the fpeg value of the BCP
should be maintained at 6.5-8.5% for the preferential formation of inverse bicontinuous cubic
mesophases (Figure 4-l1a). As observed by small-angle X-ray scattering (SAXS) and electron
microscopy, PEG5503-PS;11 (freg = 7.5%) self-assembled into polymer cubosomes withan internal P
minimal surface consisting of BCP bilayers (Im3m space group, lattice constant a = 82.5 nm; Figures
4-1b,cand 4-2a). On the other hand, bPEG-PS,, with a higher molecular-weight PS chain (PEG550;-

PS,31, freg = 6.9%) self-assembled into large cubosomes (diameter >20 mm), exhibitingthe D minimal
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surface structure (Pn3m space group, a =47.9 nm; Figures 4-1d,e and 4-2b). As shown in a simple
phase diagram (Figure 4-1a), bPEG-PS,, only formed polymer vesicles (Figure 4-1f) when the value of
foec Was greater than 8.9%, and bPEG-PS, preferentially self-assembled into large hexasomeswith an
internal Hy, phase if the fpeg value was less than 5.6% (P6mm, a = 28.8 nm; Figures 4-1g and 4-2c).
Even though controlled radical polymerization methods such as ATRP could provide accurate control
over the molecular weight of the PS block and, thus, the fpeg value of the bPEG-PS,, the stringent
block ratio requirement for the preferential self-assembly of BCP into inverse bicontinuous cubic
phases imposed difficulty in synthesizing BCPs for the preparation of the polymer cubosomes and

mesoporous films having well-defined internal bicontinuous structures.
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Figure 4-1. (a) A simple phase diagram of self-assembly of PEG550;-PS,, from dioxane solutions. (b-
e) SEM images of the polymer cubosomes of (b) PEG5503-PS,1; (feeg = 7.5%) and (d) PEG5505-PSys;
(free = 6.9 %). The insets show the perforated surface layer of the polymer cubosomes (scale bars, 200
nm). SEM images of the internal structures of the polymer cubosomes of (¢) PEG5505-PS,1; showing
[100] projection of Im3m and (e) PEG5505-PS,3; showing [111] projection of Pn3m. (f) TEM image
of the polymersomes of PEG5503-PS;77 (frec = 8.9 %). (g) SEM image of the hexasomes of PEG550;-

PS.g3 (feeg = 5.6 %). The inset shows the internal H,; structure (scale bar, 200 nm).
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Figure 4-2. SAXS results of (a) PEG550;-PS;;; (Im3m, a = 82.5 nm), (b) PEG5505-PS;3; (Pn3m, a =
47.9 nm), and (c) PEG5503-PSyg3 (H);, 2 = 28.8 nm).

Morphological change of the self-assembled structures of bPEG-PS,. Control over the
thermodynamic parameters and kinetic pathways of the self-assembly of BCPs has been pursued as a
means for influencing the self-assembly process to create nanostructures with desired morphologies
without synthesizing new BCPs.?*?" Controlling the solvent composition and thereby the affinity of
the solvent toward the polymer chain is a facile method for controlling the conformation and
properties of polymer chains in solution.?®? The solvent composition was simply adjusted by mixing
solvents with different interaction parameters toward the target polymers. The solvent composition
has already been shown to play an important role in determining the morphology of self-assembled
block copolymer structures in solution. Cheng and co-workers demonstrated the morphological
transition of the self-assembled structure of a single diblock copolymer in a binary mixture of solvents,
ranging from spherical micelles to cylindrical micelles and vesicles, depending on the composition of
the solvent.® The Eisenberg group also showed that the size of polymersomes could be reversibly
adjusted using a binary solvent mixture of varying ratio.”>?® Recently, Truong et al. reported that a
single BCP, consisting of a cationic hydrophilic block and a glassy PS block, could reproducibly
exhibit different morphologies, depending on the nature of the solvent and the kinetic conditions of

the self-assembly process.”’
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Figure 4-3. SEM and TEM images of self-assembled structures of PEG5505-PS,y; by using THF as a
common solvent. (a and c¢) Fully developed polymer cubosomes as a majority. (b and d)

Polymersomes and sponge phase particles as minor structures.

Inspired by these previous studies, we postulated that the composition of the solvent could affect the
chain dimension of the hydrophobic PS block, which might result in a morphological change of the
self-assembled inverse structures of bPEG-PS,. Using dioxane (with the Hildebrand solubility
parameter & = 20.5 MPa™®)* as a common solvent for both PEG and PS domains, PEG5503-PS,y;
preferentially formed polymer cubosomes under our standard conditions for self-assembly. When
tetrahydrofuran (THF; 5 = 18.6 MPa™?) was used as a solvent, the transmission electron microscopy
(TEM) images of the self-assembled structures of PEG550;-PS,;; showed the appearance of polymer
vesicles and sponge phase particles as minor structures along with a majority of fully developed
polymer cubosomes (Figure 4-3). Dimethylformamide (DMF) is a pseudo-theta solvent for PS, in
which PS adopts a reduced chain dimension such as Ry compared to the value of the same PS chain
dissolved in dioxane.*** When DMF (8 = 24.7 MPa™?) was used as a common solvent, PEG550-
PS,1; only forms irregular aggregates without any internal order at a low water content (>3%). From
these observations, we suspected that the affinity of the solvent toward the PS block (6 = 16.6-20.2
MPa™?) might have an influence on the compatibility of the PS chain in solution, which could, in turn,

affect the chain stretching of the PS block when the BCP forms aggregates.
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Figure 4-4. (a—e) TEM and SEM images of the self-assembled structures of PEG5505-PS;7; prepared
from the dioxane/DMF mixtures at varying ratios: (a) 0 vol% DMF (vesicle), (b) 2 vol% DMF
(vesicles, polymer cubosomes), (¢) 5 vol% DMF (Im3m + Pn3m), (d) 8 vol% DMF (Pn3m), and (e)

15 vol% DMF (Hy)). The inset in (e) shows the internal hexagonal structures (scale bar, 200 nm).

To support this assumption, we changed the solvent composition of the initial BCP solution by
mixing dioxane with DMF. We tested PEG5505-PS;77 (frec =8.9%), which, under our standard
conditions for self-assembly, only formed polymersomes when THF or dioxane was used as the only
solvent (Figure 4-4a). However, when the solvent was changed to a dioxane/DMF mixture (98:2 v/v),
PEG550,-PS;77 self-assembled into the inverse mesophase structure, forming small polymer
cubosomes coexisting with polymer vesicles (Figure 4-4b). When we increased the DMF content in
dioxane to 5 vol%, we observed the formation of polymer cubosomes (average diameter of 8 um)
without the coexistence of polymer vesicles (Figure 4-4c). Further increasing the amount of DMF in
dioxane (dioxane/DMF = 92:8 v/v) only increased the average diameter (26 um) of the polymer
cubosomes of PEG5505-PS;;7 (Figure 2d). Essentially, the self-assembled structure of PEG5503-PS;77
was transformed into large hexasomes with an internal inverse hexagonal phase (H;;) when the solvent
mixture had a high DMF content (dioxane/DMF = 85:15 v/v). This morphological transition exhibited
by self-assembly of PEG550;-PS;7; in a series of solvent mixtures coincided with the transition of the

self-assembled structures of PEG5505-PS, with an increasing degree of polymerization of the PS
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block (Figure 4-1). We also note that the self-assembly of a linear BCP, PEG2000-PSg, did not show
any phase transition under the identical conditions used for the self-assembly of PEG550;-PS;7;

(Figure 4-5), suggesting that the architecture of bPEG-PS, is responsible for the self-assembly into
inverse mesophases.

Figure 4-5. TEM images of self-assembled structures of PEG2000-PSg, in various mixtures of
dioxane and DMF: (a) 0 vol% DMF, (b) 2 vol% DMF. (c) 5 vol% DMF, and (d) 8 vol% DMF.
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Figure 4-6. (a—c) SEM images of the internal structures of the polymer cubosomes of PEG5505-PS;77
prepared from (a) 5 vol% DMF in dioxane showing the [100] projection of Im3m, (b) 8 vol% DMF in
dioxane showing the [111] projection of Pn3m, and (c) 15 vol% DMF in dioxane showing the cross-
section view of the inverse hexagonal phase. (d—f) SAXS results corresponding to the polymer
cubosomes in (a—c): (d) Mixed phase of Im3m and Pn3m symmetries (a = 61.5 nm (Im3m) and 48.0
nm (Pn3m)); (e) Pn3m symmetry (a = 46.0 nm); (f) P6émm (H,)) symmetry (a=27.7 nm).

The internal crystalline structure of the polymer cubosomes of PEG550;-PS,;; prepared from the
binary mixture of dioxane and DMF as a solvent for self-assembly was studied by SAXS and SEM
(Figure 4-6). From the SAXS results, we observed that the internal crystalline structure of the polymer
cubosomes of PEG5503-PS;7; self-assembled from the mixed solvent with 5 vol% DMF in dioxane
was a mixed phase of Schwartz P and Schwartz D surfaces (Im3m + Pn3m) (Figure 4-6a,d). Upon
increasing the amount of DMF in the solvent mixture (dioxane/DMF = 92:8 v/v), the internal structure
was completely changed to the Schwartz D surface (Pn3m symmetry, a = 46.0 nm; Figure 4-6b,e).
The inverse hexagonal phase (H,,) appeared within the large particles when PEG5505-PS;7; was self-
assembled from a solvent mixture with a higher DMF content (dioxane/DMF = 85:15 v/v; Figure 4-
6¢,f). This result corresponds with the phase behavior of PEG5505-PSn upon increasing the degree of
polymerization (DP,) of the PS block, leading to the phase change of the self-assembled structures

from polymersomes to polymer cubosomes and hexasomes.!” Given the fixed molecular weight of
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both polymer blocks in PEG550;-PS;77, the addition of DMF might affect the chain dimension of the
PS block in a binary mixture of common solvents. If a constant PS block volume is assumed, the
chain stretching of the PS block would decrease in the presence of DMF, which could reduce the
critical chain length of the hydrophobic domain (I;) and, thus, would increase the critical packing

factor (P) of the BCP upon self-assembly.
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Figure 4-7. (a, c, e) Low-resolution SEM images of the cross-section of the mesoporous films of

PEG5505-PS;7; prepared by the SDEMS method using DMF/dioxane mixtures as a common solvent.
(@) 0 vol% DMF, (c) 10 vol% DMF, and (e) 15 vol% DMF. (The insets show the top layer of the films;
scale bars, 500 nm). (b, d, f) High-resolution SEM images of the films of (a), (c), and (e). (b) Stacked
lamellae, (d) Pn3m symmetry (a=50.6 nm), and (f) P6mm symmetry (a=29.3 nm).
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Similar effects of the presence of DMF in the solvent mixture were also observed in the self-
assembly of PEG550;-PS;7; mediated by the diffusion of water vapor into the BCP solution cast on a
stationary substrate.'® This method, the solvent-diffusion/evaporation-mediated —self-assembly
(SDEMS) of BCPs, allowed the solution self-assembly of bPEG-PS,, on a stationary substrate under
static conditions. The dioxane solution of PEG5505-PS,+; (15 Wt%) cast on a glass substrate (1 cm?
area) only turned into a translucent film (thickness of 50 um) consisting of stacked lamellae of BCP
upon the diffusion of water in the humidity chamber (saturated with water/dioxane 1:1 v/v) for 1 h at
23 °C (Figure 4-7a,b). When a dioxane/DMF mixture (90:10 v/v) was used as solvent for PEG5505-
PSi77, the same procedure yielded a mesoporous film with an internal D minimal surface structure
(Pn3m, a = 50.6 nm) throughout the film (Figures 4-7c,d and 4-8). The internal structure of the film
changed to the inverse hexagonal phase (H,) when the DMF content was increased (dioxane/DMF
85:15 v/v) (Figure 4-7¢,f).
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Figure 4-8. SAXS results of the mesoporous monoliths of PEG550;-PS,;; prepared by the SDEMS
method from (a) 10 vol% DMF in dioxane (Pn3m, a = 50.6 nm), and (b) 15 vol% DMF in dioxane

(P6mm, a = 29.3 nm).

4.4 Summary

In summary, we demonstrated that the solution self-assembly of a branched-linear BCP, namely
PEG5503-PS;+7, could be controlled to favor the formation of inverse mesophases over conventional
polymer vesicles by adjusting the solvent composition. By gradually deteriorating the solvent affinity
toward the PS block by mixing two solvents with different interaction parameters, the resulting self-
assembled structures of a single branched-linear BCP exhibit a morphological transition from vesicles
and flat bilayers to triply periodic minimal surfaces of the block copolymer bilayer as well as inverse
hexagonal structures. The crystalline lattice of the TPMSs of the BCPs could also be changed from

the primitive cubic structure to double diamond structures depending on the composition of the
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common solvent mixture. This nonsynthetic pathway for accessing the desired inverse mesophases of
a single BCP could expand the availability of well-defined mesoporous structures of BCPs for
applications such as separation and nanotemplating by providing block ratio tolerance for BCP

synthesis.

4.5 Experimental

General methods and materials. Unless otherwise noted, all reagents and chemicals were used as
received from Sigma Aldrich and TCI. DMF was dried over CaH, under N, and freshly distilled prior
to use. Tetrahydrofuran (THF) was refluxed over a mixture of Na and benzophenone under N, and
distilled before use. All reactions were performed under N, unless otherwise noted. 'H and *C NMR
spectra were recorded on a Varian VNMRS 600 spectrometer, using CD,Cl, and CDCl; as solvents.
Matrix-assisted laser desorption ionization time-of-flight mass spectroscopy (MALDI-TOF-MS) was
performed on a Bruker Ultraflex 11l TOF-TOF mass spectrometer equipped with a nitrogen laser (335
nm). Scanning electron microscopy (SEM) was performed on a FEI Nova NanoSEM 230 microscope
and Hitachi S-4800 FE SEM at an acceleration voltage of 10 kV. The samples were placed on a
conductive carbon tape and then coated with Pt with a thickness of 3 nm by using a K575X Sputter
Coater. Transmission electron microscopy (TEM) was recorded on a JEOL JEM-2100 microscope at
200 kV. Specimens were prepared by placing a drop of the solution on a carbon-coated Cu grid (200
mesh, EM science). After 30 min, remaining solution on a grid was removed with a filter paper, and
the grid was air-dried overnight. Synchrotron small angle X-ray scattering data were obtained on

PLSII 9A at Pohang acceleration laboratory (Pohang, Korea).

Synthesis of branched macroinitiator with peripheral PEG chains
Branched macroinitiators were synthesized in multi-gram quantity by following the literature

methods.’

5505-Br. *H NMR (8=ppm, 600 MHz, CDCls) 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, -CH,CH,0-), 3.39 (m, 9H), 1.95 (s, 6H). *C NMR (5=ppm, 150
MHz, CDCl;) 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. M,, (GPC) = 2250 g mol™, PDI = 1.03, M, (MALDI-TOF) = 2158 g mol™.

Synthesis of block copolymers (5505-PS,).

CuBr (50 mg, 0.35 mmol) and N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA) (108 mg,
0.525 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 N, for 15 min with gentle stirring.

To this solution, the solution of styrene (10 mL) and 5505-Br (120 mg, 0.035 mmol) was added via a
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syringe. The green solution was degassed by bubbling N, 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 polymerization was monitored by taking GPC at an interval of 1 h. When the molecular
weight of the block copolymer reached to the desired value, the reaction was quenched by exposing
the solution to air in an ice/water bath and diluted with CHCI; (15 mL). The cooled solution was
filtered through a pack of aluminum oxide (basic) with CHCI; to remove the Cu catalyst. The filtered
solution was concentrated on a rotary evaporator, and the resulting residue was diluted with 20 mL
CH,CI,. This solution was precipitated into methanol (200 mL). White powder was collected by
vacuum filtration and dried in vacuo. All block copolymers were characterized by *H NMR and GPC
to evaluate the molecular weight and the size distribution. The molecular characteristics of the block

copolymers are listed in Table 4-1.

General procedure for self-assembly of 5505-PSs into polymer cubosomes. The bPEG-PS was
initially dissolved in 2 mL of a 1,4-dioxane/DMF mixture in a capped vial, and the solution was
stirred for 3 h at room temperature. Water (total 2 mL) was added at a controlled rate (1 mL h™) to the
solution with vigorous stirring (850 rpm). The resulting milky suspension was dialyzed (molecular
weight cutoff (MWCO) = ~12-14 kDa, SpectraPor) against water for 24 h to remove the organic

solvent.

Preparation of mesoporous films of 5505;-PS,. 5503-PS;7; (15 wt%) was dissolved in a 1,4-
dioxane/DMF mixture (90:10 v/v) in a 15-mL vial, and the resulting solution was kept at room
temperature for 1 h before the use. A sealed humidity chamber was prepared by mixing 35 mL of 1,4-
dioxane and 35 mL of water in a 100-ml vial, and then a cylindrical column to put a glass substrate
was carefully added. A desired amount of the solution of 5505-PS;7; was carefully cast on the glass
slide, which was rapidly placed on the column in the humidity chamber. The humidity chamber was
then sealed for 1 h at 23 °C. After completing self-assembly, the glass slide covered with the film of
5503-PS;77 was immersed into excess water to quench the assembly process by vitrification of the PS

block. The opaque film was then obtained after removing 1,4-dioxane by solvent exchange in water.

Dioxane H.0
A .

>~ 4

5503-PSh solution

Mesoporous Film
RH = 100 %

Figure 4-9. Schematic illustration for preparation of the mesoporous film of PEG5505-PS,.
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Chapter 5. Polymer cubosomes-templated synthesis of cubic crystalline
single networks

5.1 Abstract

Triply periodic materials having open-space mesoscale lattices, in particular, a single diamond
lattice, have been pursued as ideal photonic crystals exhibiting large omnidirectional optical bandgaps.
Such structures are ubiquitously found from biophotonic crystals of the wing scales of butterflies and
the exoskeleton of beetles. Their biogenesis involves a selective diffusion of chitin into one of two
identical water-channel networks embedded within ordered cellular membranes adopting bicontinuous
cubic mesophases. In contrast, the artificial synthesis of single cubic frameworks has been a
significant challenge due to the inability to distinguish degenerate channel networks within the
bicontinuous cubic porous templates. Here we show that the interfacial topology of polymer
cubosomes, finite-sized particles composed of bicontinuous cubic mesophases of block polymer
bilayers, render one of two non-intersecting pore networks to be inaccessible to diffusion. This
topological feature of bicontinuous cubic mesophases forces the external guests to enter only into the
open cubic channel network within the polymer cubosomes. Consequently, single framework
structures of diamond and primitive cubic lattices are synthesized by cross-linking of molecular
precursors. Because of their topological and crystallographic similarities with ordered biological
membranes, polymer cubosomes serve as the templates for the bio-inspired synthesis of single
network cubic structures of diverse materials, which could lead to the creation of photonic crystals

and metamaterials that are previously unavailable.

5.2 Introduction

Achieving low-coordinate cubic crystalline arrangements of nanostructures has been a prime target
for the creation of metamaterials and photonic crystals due to their unique optical properties such as
refractive index modulation and large photonic bandgap.'? In particular, the single diamond network
structure (Fd3m space group) is expected to be a ‘champion' photonic structure as this symmetry is
predicted to provide largest complete photonic bandgap in all directions.>* However, self-assembly of
colloidal particles into non-close packed cubic lattices having lattice dimensions commensurate with
visible wavelengths is thermodynamically unfavorable unless the assembly process is carefully
designed to guide the colloidal components to form weakly coordinated lattices using strong inter-
particle interactions and additional components to stabilize the lattice.”” The use of ordered porous
materials as sacrificial templates could be a facile pathway to synthesize cubic crystalline network
structures of desired lattice and periodicity.*® However, bicontinuous mesophases of molecular

building blocks such as surfactants and block copolymers (BCPs) template the formation of double
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network structures, of which the increased symmetry hamper the modulation of the property of
propagating electromagnetic waves."*® Although single gyroid networks have been prepared by using
selectively etched double gyroid phases of BCPs as templates,®® single network structures of a
diamond and primitive cubic lattice remain unavailable by simple templated syntheses.

In contrast, single network structures of diverse lattices and periodicities are ubiquitously found
from the biophotonic structures of butterfly wing scales and exoskeletons of beetles.’>** The
biogenesis of these single network cubic structures utilizes the ordered smooth endoplasmic reticulum
(OSER) of the epithelial cell as the template for polymerization of chitin."* The OSER adopts inverse
bicontinuous cubic mesophases having identical crystallographic symmetries to those of lipid bilayers
in vivo and vitro.”** Lipid cubic mesophases could be described as triply periodic minimal surfaces
(TPMS) consisting of lipid bilayers, in which two non-intersecting water channel networks are
embedded in a bicontinuous cubic crystalline order.>*® Recent studies of the structural details of lipid
cubic mesophases and their colloidally stabilized particles (cubosomes),"” by using calculations,
atomic force microscopy (AFM) and cryo-electron tomography (CET), suggested that the topology of
the cubic mesophases of lipid bilayers close one of the two non-intersecting channel networks to form
an interface with water, leaving the other channel network fully exposed to the surrounding.®% We
postulated that this topological distinction at the interface of the lipid cubic mesophases could be a
reason for the preferential diffusion of chitin only to the open channel network from the extracellular
matrix, resulting in the formation of a single cubic network.

We imagined that the topological resemblance at the interface should arise between lipid
cubosomes and polymer cubosomes, colloidal particles composed of well-defined inverse
bicontinuous cubic mesophases of BCP bilayers, resulting in the preferential diffusion of cross-
linkable precursors into only one of two single diamond or simple cubic channel networks embedded
in the polymer cubic mesophases. Polymer cubosomes are structurally more robust than lipidic
analogues, and their periodicities and pore sizes are proportionally increased to the molecular weights
of the polymer blocks constituting the block copolymers.”* Therefore, polymer cubosomes could
serve as ideal templates for the synthesis of single diamond and simple cubic networks composed of
diverse materials, of which the synthesis would phenomenologically resemble the biogenesis of

photonic network structures.?

5.3 Results and discussion

In order to test our assumption, we investigated the structural details of the polymer cubosomes
formed by the solution self-assembly of the branched-linear diblock copolymers composed of a
hydrophilic tri-arm branched poly(ethylene glycol) and a hydrophobic polystyrene, PEG550;-PS;, (n
refers to the number average degree of polymerization of the PS).?? In this study, we chose the

polymer cubosomes of PEG550;-PS;so (number average molecular weight (M,) = 15,960 Da,
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polydispersity index (P) = 1.04, fpeg = 10.6%) and PEG5503-PSys (M, = 17820 Da, P = 1.06, fpeg =
9.4%), which represent two distinct lattice symmetries of the cubic mesophases. Small angle X-ray
scattering (SAXS) results and scanning electron microscopy (SEM) images of the polymer cubosomes
of PEG5503-PS;s50 confirmed that the internal bicontinuous cubic structure of the BCP bilayer had a
symmetry of the Schwarz P surface (Im3m space group) with the lattice parameter (a) of 60.7 nm. The
internal cubic mesophase of the polymer cubosomes of PEG5505-PS;6s Was assigned to the symmetry
of the Schwarz D surface of the BCP bilayers (Pn3m space group, a = 45.2 nm) (Figure 5-1). From
the SAXS results, we inferred the size of internal crystalline domains of polymer cubosomes from the
scattering correlation length, & ~ 2m/Aq, where Aq is the full-width at half maximum of the first
diffraction peak.” The crystallite size inside the polymer cubosomes was 673 nm for the internal P
surface of PEG5503-PSy45 (AQ = 9.34x10™ A‘l) and 833 nm for the D surface of PEG550;-PSyeg (AQ =
7.54x10" A™"). Considering their diameter (5~20 pm), estimated by SEM images, the internal
bicontinuous phases of the polymer cubosomes were composed of multiple crystalline domains,

which was corroborated by the SEM images of fractured polymer cubosomes (Figure 5-2).
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Figure 5-1. SAXS results of the polymer cubosomes of (a) PEG5503-PS;50 (Im3m, a = 60.7 nm) and
(b) PEG5503-PS165 (PN3m, a = 45.2 nm). The insets show first diffraction peak position of Im3m and

Pn3m. Double headed arrows indicate the full width at half-maximum of the peak (Aq).
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Figure 5-2. Low-magnification SEM images of polymer cubosomes of (a) PEG5505-PS15, and (b)
PEG5503-PS ¢s.

Figure 5-3. SEM images of polymer cubosomes of (a, ¢) PEG5505-PS;50 showing Schwarz P surface
and (b, d) PEG5503-PS;65 showing Schwarz D surface.

We analyzed the topology of the BCP bilayer at the interface of the polymer cubosomes by SEM.
Polymer cubosomes possessed perforated bilayer shells at the interface with water (Figure 5-3). The
comparison between the computer-generated (100) plane of the lattice of the Schwarz P surface and
the SEM image of the surface of the polymer cubosome of PEG550;-PS;s, indicated that, at the
interface, only one simple cubic networks embedded in the Schwarz P surface remain accessible to the
surrounding, leaving the other channel network closed (Figure 5-4). We measured the distance
between two adjacent pores to estimate the surface topology of the P-type surface. The distance of the
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adjacent pores was 65 + 3 nm, and the diagonal distance of the tetragonal pores was 90 + 4 nm. The
fully open lattice of the Schwarz P surface (a = 60.7 nm) would have the adjacent and diagonal pore
distances of 60.7 and 85.8 (60.7xv/2) nm, respectively. The analysis of the SEM image of the
topology of the perforated lamellar shell of the polymer cubosomes of PEG5505-PSyes revealed the
distance between the pores at the surface of the polymer cubosomes consisting of the Schwarz D
surface was 71 + 5 nm, which corresponded to the v/2a (63.9 nm), the diagonal distance of the pores
of the (111) plane of the Schwarz D surface with one open channel.?” This distance of the pores at the
surface of the polymer cubosome indicated that the presence of a single open diamond cubic networks

Schwarz P surface Schwarz D surface
(Im3m) (Pn3m)

at the interface.

a

Figure 5-4. (a) Reconstructed 3D image of the polymer cubosome of PEG5505-PS;5,. (b) Schematic
illustration of Schwarz P surface (Im3m, [100] direction) and Schwarz D surface (Pn3m, [111]
direction). The red- and green-colored regions indicate two non-interpenetrating networks of water
channels. (c-f) SEM images of the surface layer and internal structure of polymer cubosomes of (c, d)
PEG5503-PS;s50 and (e, f) PEG5503-PS;45. Squares and diamonds indicate the open channels (red color)

and closed channels (green color) to the surrounding.

To understand how the surface topology distinguishes diffusivity toward open and closed channel
networks within polymer cubosomes, we used transmission electron microscope (TEM) tomography.
Individual images of a dried polymer cubosome were taken by tilting the sample stage from —66 to

97



70° at the interval of 2°, which were aligned and reconstructed to generate the 3D tomogram of the
polymer cubosome (Figure 5-4a). The surface topology obtained from the reconstructed 3D image of
the polymer cubosome of PEG5505-PS;s, corroborated the SEM results by showing that the only one
of two cubic channel networks remains open at the interface between the polymer cubosome and the
surrounding. The closed channel network appeared beneath the surface layer, and two non-
intersecting channel networks alternated along the direction pointing to the center of the polymer
cubosome (Figure 5-5). The reconstructed 3D image of the internal cubic mesophases demonstrated

the lattices of Im3m space group, coinciding with the results revealed by the SAXS experiments.

Figure 5-5. (a) Sequence of images extracted from the reconstructed 3D image of the polymer
cubosome of PEG5505-PS;50along the z direction. Red- and green-colored areas indicate the open and
closed channel of the polymer cubosome. The inset shows merged image of two non-intersecting
cubic channels. (b) Reconstructed 3D images of cutting plane of membranes (left), inverted image
showing internal networks (middle), and merged image (right). The red arrows show the pore

accessibility of the open channel.
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To decipher the connectivity of the surface pores to the internal channel networks embedded
within the BCP cubic mesophases, we mapped the 3D tomogram of the polymer cubosomes from the
surface to the inside bicontinuous channel networks. The analysis of the occupied space TEM
tomogram indicated that only one simple cubic network was able to be filled by the diffusion from the
surface, suggesting that the topological distinction at the interface of the polymer cubosome force the
external guest molecules preferentially enter into the open channel network (Figure 5-5). The TEM
tomogram also showed that the perimeter of the polymer cubosomes having smaller diameter had
more disordered mesophases compared to the larger polymer cubosomes because the compensation
for the increased interfacial energy along the curved perimeter by the increase of entropy caused by
the disorder of the lattices. We note that this disorder of the mesophases near the interface does not
disrupt the connectivity between the surface pore and the internal channel networks.***

With these structural elucidations, we tested the accessibility of the open channel network of the
polymer cubosomes by backfilling the polymer cubosomes with the solution of tetraethyl orthosilicate
(TEOS) to replicate the internal channel network as an inorganic skeletal framework by sol-gel
reaction.”® The ethanol solution of TEOS and hydrochloric acid was introduced to the embedded
channel network of the polymer cubosomes by placing a drop of TEOS solution, followed by removal
of excess TEOS solution with a filter paper. The cross-linking of TEOS was carried out by placing the
backfilled polymer cubosomes in the humidity chamber filled with HCI vapor for 14 h. The solvent-
soluble BCP templates, then, were removed by immersing the cross-linked particles in tetrahydrofuran
(THF) to avoid the isotropic shrinkage of the silica network during calcination. The
ultracentrifugation of the remaining white power in a density-gradient medium was performed to

remove large silica particles formed during the cross-linking.
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Figure 5-6. SEM images of the silica replica of the polymer cubosomes of PEG550;3-PS;s,. (a) Low-
magnification SEM image showing spherical SiO, particles. (b, ¢) High-magnification SEM images

showing silica framework on the surface of the replicated structures.

The SEM images of the silica replica of the polymer cubosomes of PEG550;-PS;5, showed

spherical morphology reflecting the shape of the polymer cubosome used as templates. (Figure 5-6).
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The SEM and TEM images of the fractured particles revealed the silica framework having six-fold
nodes, of which the structural symmetry was inherited from the primitive cubic lattice of the channel
networks embedded in the polymer cubosome template. The SAXS results of the skeletal silica
frameworks indicated that the lattice of the skeletal structure was transformed from primitive cubic
double network (Im3m space group) to a single network of simple cubic lattice (Pm3m space group)
(Figure 5-7). The lattice parameter of the single simple cubic network was 56.5 nm, which was nearly
identical to the value of the polymer cubosome templates having Im3m symmetry (60.7 nm).”” The
silica replica of the channel network embedded in the polymer cubosome of PEG5505-PS;¢5 Was also
identified by SEM and TEM, which showed the skeletal frameworks having the nodes of four-fold
symmetry. The SAXS peaks of the silica replica were assigned to a single diamond lattice (Fd3m
space group) with the lattice parameter of 90.7 nm, a two-fold increase from the value (45.2 nm) of
the double diamond lattice of the polymer cubosome template. The SEM and TEM images of the
silica skeletal frameworks indicated that the resulting structure was indeed a single network having a
simple cubic lattice instead of the double network structures that were overlapped by azimuthal
shifting upon removal of the template (Figure 5-8).2® Having identical structural symmetries to
those of biophotonic structures of arthropod, these single skeletal frameworks of simple cubic and

diamond lattices have not been synthesized by simple templated method of molecular precursors.
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Figure 5-7. Normalized SAXS results of the polymer cubosomes (black line) and SiO, replicas (red
line). (a) PEG5505-PSi50 (IM3m, a = 60.7 nm, Pm3m, a = 56.5 nm). (b) PEG5503-PS;s (PN3M, a =
45.2 nm, Fd3m, a = 90.7 nm). The colored lines correspond to the expected peak position for different
space groups. The numbers above the graph are squares of the moduli of the Miller indices (hkl) for

each space groups.

100



R e B
Aty

Figure 5-8. Electron micrographs of internal single networks of SiO, replicated from polymer
cubosomes of PEG5505-PS,; (a-¢) PEG5505-PS;50, (d-f) PEG5505-PSies. (a, b) SEM and (c) TEM
images showing a single network of simple cubic lattice having six-fold nodes. (d, €) SEM and (f)

TEM images showing a single network of single diamond lattice having four-fold nodes.

The replication of the internal single diamond channel network with titanium tetraisopropoxide
(Ti(OiPr),) was performed under acidic condition. The resulting skeletal titania having single diamond
lattice was calcinated to form the frameworks composed of skeletons of anatase-form titania. The
resulting anatase titania framework was characterized by SEM which confirmed the presence of single

diamond network structures (Figure 5-9).

Figure 5-9. SEM images of TiO, frameworks replicated from the polymer cubosomes of PEG550;-
PS]_S().
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The skeletal single diamond networks of inorganic materials having high dielectric constants could
develop omnidirectional full photonic bandgap in visible-light wavelengths if the lattice dimension is
commensurate with the wavelength of the incident light. Unlike the OSER, lipid cubic mesophases
and cubosomes exhibited lattice parameters smaller than the wavelength of visible light.>* As the
dimension of the polymer chain scales with the square-root of its molecular weight, the lattice
parameter of the BCP cubic mesophases should be proportionally enlarged with increasing the
molecular weights of the polymer blocks constituting the BCP.?? Therefore, we are preparing the high
molecular weight BCP, PEG2000;-PS,, with anticipation of the increased lattice parameter of the

Schwarz D surface comprising the polymer cubosomes.

5.4 Summary

In summary, we have shown that only one networks embedded in the minimal surfaces remain
accessible to the surrounding, leaving the other channel network closed. The surface topology
obtained from the reconstructed 3D image of polymer cubosomes indicated that this topological
feature force the external guest molecules preferentially enter into the open channel network. By
backfilling the polymer cubosomes with the silica and titania sol, we observed single framework
structures (Pm3m, Fd3m) replicated from Schwarz P (Im3m) and Schwarz D (Pn3m) surfaces. The
single framework structures having large lattice parameter could show structural color arising from
the photonic bandgap, like butterfly scale cells. Recently, we are synthesizing the high molecular
weight BCP, PEG20005-PS,, to create polymer cubosomes having large lattice parameter. Our polymer
cubosomes may serve as the templates for the bio-inspired synthesis of single network cubic
structures, which could lead to the creation of photonic crystals and metamaterials that are previously

unavailable.

5.5 Experimental

General methods and materials. Unless otherwise noted, all reagents and chemicals were used as
received from Sigma Aldrich and TCI. Tetrahydrofuran (THF) was refluxed over a mixture of Na and
benzophenone under N, and distilled before use. All reactions were performed under N, unless
otherwise noted. *H and **C NMR spectra were recorded on an Agilent 400-MR DD2 Magnetic
Resonance System and Varian/Oxford As-500 using CD,Cl, and CDClI; as solvents. Matrix-assisted
laser desorption ionization time-of-flight mass spectroscopy (MALDI-TOF-MS) was performed on a
Bruker Ultraflex 11l TOF-TOF mass spectrometer equipped with a nitrogen laser (335 nm). Scanning
electron microscopy (SEM) was performed on a microscope and Hitachi S-4300 at an acceleration
voltage of 15 kV. The samples were placed on a conductive carbon tape or silver paste and then

coated with Pt with a thickness of 3 nm by using a Hitachi E-1030 ion sputter. Transmission electron
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microscopy (TEM) was recorded on a JEOL JEM-2100 microscope at 200 kV. Specimens were
prepared by placing a drop of the solution on a carbon-coated Cu grid (200 mesh, EM science). The
grid was air-dried overnight. Electron-Tomography (ET) was obtained by JEM-1400 operating at 120
kV. The tilt series of projection images were reconstructed using weighted back-projection method as
implemented in IMOD software. Synchrotron small angle X-ray scattering data were obtained on

PLSII 6D at Pohang acceleration laboratory (Pohang, Korea).

Synthesis of branched macroinitiator with peripheral PEG chains
Branched macroinitiators were synthesized in multi-gram quantity by following the literature

methods.?

550;-Br. "H NMR (8=ppm, 600 MHz, CDCl;) 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, -CH,CH,0-), 3.39 (m, 9H), 1.95 (s, 6H). *C NMR (8=ppm,
150 MHz, CDCl5) 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. M,, (GPC) = 2380 g mol™, PDI = 1.03, M, (MALDI-TOF) = 1972 g mol™.

Synthesis of block copolymers (5505-PS,).
CuBr (50 mg, 0.35 mmol) and N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA) (108 mg,
0.525 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 N, for 15 min with gentle stirring.
To this solution, the solution of styrene (10 mL) and 5505-Br (120 mg, 0.035 mmol) was added via a
syringe. The green solution was degassed by bubbling N, 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 polymerization was monitored by taking GPC at an interval of 1 h. When the molecular
weight of the block copolymer reached to the desired value, the reaction was quenched by exposing
the solution to air in an ice/water bath and diluted with CHCI; (15 mL). The cooled solution was
filtered through a pack of aluminum oxide (basic) with CHCI; to remove the Cu catalyst. The filtered
solution was concentrated on a rotary evaporator, and the resulting residue was diluted with 20 mL
CH,CI,. This solution was precipitated into methanol (200 mL). White powder was collected by
vacuum filtration and dried in vacuo. All block copolymers were characterized by *H NMR and GPC
to evaluate the molecular weight and the size distribution. The molecular characteristics of the block

copolymers are listed in Table 4-1.
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General procedure for self-assembly of 5505-PSs into polymer cubosomes. The bPEG-PS was
initially dissolved in 2 mL of a 1,4-dioxane/DMF mixture in a capped vial, and the solution was
stirred for 3 h at room temperature. Water (total 2 mL) was added at a controlled rate (1 mL h™) to the
solution with vigorous stirring (850 rpm). The resulting milky suspension was dialyzed (molecular
weight cutoff (MWCO) = ~12-14 kDa, SpectraPor) against water for 24 h to remove the organic

solvent.

Templated Synthesis of single networks. TEOS sol was prepared by mixing TEOS, ethanol, water
and HCI (molar ratios: 1:3:1:5x10°) for 12h. The polymer cubosomes of PEG550;-PS;s, was placed
on the filter paper. After adding a drop of TEOS solution to the polymer cubosomes, residual sol was
quickly removed with a filter paper. The backfilled polymer cubosomes was placed in the humidity
chamber filled with 5M HCI vapor for 14 h. The resulting powder immersed in THF. The block
copolymers were removed from the suspension by repeated centrifugation and dilution with THF. The
titania sol was prepared by adding 2 mL of titanium (IV) isopropoxide to a mixture of 1.6 mL of
trifluoroacetic acid and 0.4 mL of hydrochloric acid while vigorously stirring. After 20 min, a drop of
titania sol was added to the polymer cubosomes placed on the filter paper. Residual sol was quickly
removed with a filter paper. The infiltrated polymer cubosomes was allowed to dry for 14 h. After

drying, the sample was calcined in air at 500 °C for 5 h.
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