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Progress in the self-assembly of organic/inorganic
polyhedral oligomeric silsesquioxane
(POSS) hybrids
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This Review describes recent progress in the self-assembly of organic/inorganic POSS hybrids derived
from mono-, di-, and multi-functionalized POSS cages. We highlight the self-assembled structures and
physical properties of giant surfactants and chain-end- and side-chain-type hybrids derived from mono-
functionalized POSS cages; main-chain-type hybrids derived from di-functionalized POSS cages; and
star-shaped hybrids derived from multi-functionalized POSS cages; with various polymeric attachments,
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Introduction

Over the last four decades, self-assembled nanostructures
obtained from organic surfactants and block copolymers
(BCPs) have received much attention for nanopatterning,
the formation of nanocomposites, and photonic crystals, and
drug delivery because they can be prepared in simple and
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including polystyrene, poly(methyl methacrylate), phenolic, PVPh, and polypeptides.

inexpensive methods.' ' These self-assembled nanostructures
form from a combination of covalent bonding and repulsive
noncovalent interactions, with the latter arising from the
immiscibility of hydrophobic and hydrophilic segments. In
the bulk state, these well-defined nanostructures can display
alternative lamellae (LAM), double-gyroid (DG), hexagonally
packed cylinder (HPC), face-centered cubic (FCC), and body-
centered cubic (BCC) structures."'° In some recent cases,
Frank-Kasper (FK) phases (e.g., A15 and ¢ phases) have also
been observed between the HPC and BCC phases of the
structures formed from surfactants and BCPs.>' ™% In solution,
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Fig. 1 Syntheses of (a) an MP-POSS (mono-functional POSS) cage from H-POSS, (b) a BP-POSS (di-functional POSS) cage from DDSQ, and (c) an OP-
POSS (octa-functional POSS) cage from QgMg"™, all through hydrosilylation and hydrolysis.®®

these materials can also spontaneously form self-assembled
nanostructures, including micellar, worm-like, and vesicle
structures, with the type of nanostructure formed depending
primarily on the volume fraction, interaction parameter (), and
degree of polymerization (N), but other factors (e.g., common
solvents, selective solvents, temperature, architecture, or term-
inal functional units) can also have strong influences.**~**
Incorporating or blending inorganic nanoparticles (NPs)
at low concentrations into organic surfactants, polymeric
materials, or BCPs can be a simple means of enhancing the
thermal, mechanical, and optoelectronic properties of self-
assembled organic materials.**** Inorganic NPs blended into
organic BCPs can resulting in the tuning of the self-assembled
structures formed from the BCP/NP hybrids, their thermal
and mechanical properties are generally not enhanced
significantly.”*" As a result, organic-inorganic hybrid surfac-
tants and BCPs connected by covalent bonds or electrostatic
physical interaction have been attracting increased attention
recently.>*"®° Various techniques including ring-opening poly-
merization (ROP), atom transfer radical polymerization (ATRP),
reversible addition-fragmentation chain transfer (RAFT),
controlled living radical polymerization (CLRP), and anionic
polymerization which were used to incorporate POSS nano-
particles into polymer chain.® For example, polystyrene-block-
polydimethylsiloxane (PS-b-PDMS) and polystyrene-block-poly-
(ferrocenyl dimethylsilane) (PS-b-PFS) organic-inorganic hybrid

5536 | Soft Matter, 2022, 18, 5535-5561

BCPs have been used in integrated circuit processing.®’"®* In

addition, the smallest possible inorganic silica NP, polyhedral
oligomeric silsesquioxane (POSS), has been used to prepare
organic-inorganic surfactants and BCPs.®*”’® The presence of
the POSS NPs within a surfactant or BCP can tune its self-
assembly and its thermal and optoelectronic properties.®*?
The properties of molecular nanoparticles based on gaint
molecules depend on the primary structures. There are four
types of macromolecular isomers (topo-isomers, sequence-
isomers, regioisomers, and stereoisomers). Some factors are
strongly influenced by the self-assembly of these four isomers
such as the concerted interaction of each building block in a
precise approach and the notable symmetry.®* POSS NPs can
be synthesized in mono-, di-, or multi-functionalized form
(e.g., with OH groups) to vary the degrees of macro-phase
separation in resulting polymer/POSS hybrids, as displayed in
Fig. 1.%° This Review summarizes the self-assembly of organic—
inorganic surfactant and BCP hybrids incorporating mono-,
di-, and multi-functionalized POSS cages.

Self-assembly of organic-inorganic polymer/POSS hybrids

POSS NPs presenting different numbers and types of functio-
nalized organic units can be incorporated within polymeric
materials through covalent bonding to enhance the thermal,
mechanical, and oxidation properties of the polymers; as a
result, studies of POSS-incorporated polymeric materials

This journal is © The Royal Society of Chemistry 2022
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have increased significantly recently.®*°* In this Review, we
discuss the different functionalities and topologies pre-
sented by the POSS NPs, as displayed in Fig. 2.°*°* In the
following sections, we provide details of some representative
examples of the self-assembly behavior of polymer/POSS
hybrids.

Self-assembly of chain-end-tethered mono-functionalized POSS
NPs

Studies of the self-assembly of organic-inorganic polymer/POSS
hybrids have focused mainly on the chain-end-tethered mono-
functionalized POSS NPs.”>%¢ In general, the syntheses of such
polymer-POSS hybrids have been performed by using mono-
functionalized POSS NPs as macro-initiators for living polymer-
izations [e.g., anionic, cationic, ring opening polymerization
(ROP), nitroxide-mediated polymerization (NMP), reversible
addition-fragmentation chain transfer (RAFT), atom transfer
radical polymerization (ATRP)] and click chemistry.””'%® For
example, we used a chain-end-tethered mono-functionalized
chloride-POSS as a macroinitiator to prepare a poly(methyl
methacrylate)-block-POSS (PMMA-b-POSS) hybrid through

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Organic/inorganic POSS hybrids with various architectures formed from (a) mono-
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, (b) di-, and (c) multi-functionalized POSS cages.®*%*

ATRP [Fig. 3(a)].'® This PMMA-b-POSS hybrid behaved as a
macromolecular or giant surfactant, where the PMMA segment
was the long-chain hydrophobic tail and the POSS NP was the
hydrophilic head, when blended with phenolic resin [Fig. 3(c)].
The strong intramolecular screening effect for this phenolic/
PMMA-b-POSS hybrid [y = 0.65; Fig. 3(b)] indicated that the
POSS NPs strongly inhibited intermolecular hydrogen bonding
between the OH and C—O groups of the phenolic/PMMA
pairs.'**

We also prepared a chain-end-type poly(y-benzyl -glutamate)-
block-POSS (PBLG-b-POSS) hybrid from a mono-functionalized
amino POSS derivative (NH,-POSS) through N-carboxyanhydride
(NCA) ROP [Fig. 4(a)] and examined its self-assembly behavior
both in solution and in the solid state.'® In the solid state, the
presence of the POSS NP at the chain end enhanced the
intramolecular hydrogen bonding of the PBLG block
[Fig. 4(b)], thereby increasing the fraction of the a-helix con-
formation; in solution, it prevented nanoribbon aggregation to
form a clear gel. Fig. 4(c) and (d) present transmission electron
microscopy (TEM) images of toluene solutions of the pure
PBLG and the PBLG-b-POSS hybrid, respectively, at similar

Soft Matter, 2022, 18, 5535-5561 | 5537
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Fig. 3 Synthesis of PMMA-b-POSS through ATRP using POSS-Cl as a initiator. (b) Experimental and predicted fractions of hydrogen-bonded C=0O
groups and (c) screening effect of PMMA-b-POSS when blended with phenolic.®* Reproduced from ref. 104 with permission from American Chemical
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NaOH common solvents.}°® Reproduced from ref. 108 with permission from American Chemical Society.

degrees of polymerization (DPs). A turbid gel was formed from
the pure PBLG, because strong n-stacking among its rigid rods
stabilized these micro-fibers, forming irregular structures.
In contrast, the PBLG-b-POSS hybrid formed a clear gel with
ordered and oriented nanofibers(average width: ca. 10 nm). A
possible anti-parallel arrangement of the PBLG-b-POSS hybrid
[Fig. 4(e)] might have minimized the steric clashes of the POSS
NPs, thereby inducing the self-assembly of nanofibers and the
formation of a clear gel.'® Similar chain-end-type PBLG-b-
POSS hybrids have also been prepared by other groups; studies
in the bulk and in solution have revealed that the chain length
of the PBLG block strongly influences the secondary structure
of the hybrids and their self-assembly.>>1%¢

Couglin et al. used anionic living polymerization and con-
densation to prepare a well-defined hemi-telechelic PS-
functionalized POSS, which introduced the self-assembly or
aggregation behavior of POSS into the PS matrix."®” Cheng
et al. also prepared various PS chain-end-tethered mono-
functionalized POSS NP hybrids, which formed many interest-
ing self-assembled structures in the bulk and in solution; these
giant POSS surfactants [Fig. 5(b)], featuring a long-chain PS
hydrophobic tail and a POSS NP as a giant hydrophilic head,
had properties similar to those of surfactants [Fig. 5(a)] and
BCPs [Fig. 5(c)].'°® For example, they used anionic living

This journal is © The Royal Society of Chemistry 2022

polymerization, hydrosilylation, and click chemistry to prepare
a hybrid featuring a well-defined PS hydrophobic tail and a
carboxylic acid-functionalized POSS as the hydrophilic head
[Fig. 5(d)]. In various selective solvents, this giant POSS surfac-
tant formed micelles with various morphologies—from vesicles
to wormlike cylinders, to spherical structures—upon tuning the
degree of ionization of the carboxylic acid unit [Fig. 5(e)-(g)].**®
By varying the functional group on the POSS NP and varying the
topology of the PS chain, the PS-b-POSS hybrids exhibited
diverse molecular designs that underwent finely tuned self-
assembly. By changing the volume fraction of the PS block, the
PS-b-POSS hybrids formed various self-assembled structures,
including LAM, DG, HEX, and BCC structures, in the bulk
(Fig. 6), as characterized using small-angle X-ray scattering
(SAXS) and TEM, with the phase diagram of the giant
POSS surfactant being similar to that of organic diblock
copolymers.*®® Yang and his group successfully prepared giant
amphiphiles consisting of polyhedral POSS derivatives and PEO
and these materials could be formed a fractal pattern in the LB
monolayer.'*°

More interestingly, Cheng et al. observed that POSS NPs
presenting various organic functional groups or polymer chains
formed various FK phases, including o, A15, and Z phases.'"*
For example, three hydrophobic and one hydrophilic POSS

Soft Matter, 2022, 18, 5535-5561 | 5539
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Fig. 7 (a) Chemical structure of giant tetrahedron based on POSS cages; red spheres are hydrophobic POSS cages; blue spheres are hydrophilic POSS
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of various sizes. (f) SAXS pattern of the giant tetrahedron based on POSS cages.™* Reproduced from ref. 111 with permission from Science.
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units [Fig. 7(a)] bonded in the form of an giant amphiphilic
tetrahedron self-assembled through molecular packing
[Fig. 7(b)] and also formed the A15 phase [Fig. 7(c)-(e)].""" FK
phases are more commonly found in metal alloys having highly
ordered and local complex lattice structures; nevertheless, self-
assembled structures formed from soft matter (e.g., liquid
crystals, surfactants, BCPs, and giant amphiphiles) can also
for FK A15, C14, C15, G, H, and Z phases.'! Fig. 7(c)-(e) reveal
that the typical 4* tiling number of the A15 phase was observed
for the giant amphiphilic tetrahedron along the [001] zone; this
phase was confirmed using SAXS [Fig. 7(f)], with a peak ratio of

5542 | Soft Matter, 2022, 18, 5535-5561

J2:4/4:4/5:,/6 that is characteristic of the A15 phase.'"!
Cheng et al. also synthesized giant amphiphilic molecules
with six POSS cages grafted onto a triphenylene core; it self-
assembled into the Z phase, with a typical 3° tiling number."*
A study of the non-crystalline dendron giant surfactant DPOSS-
MPOSS,,, containing hydrophobic DPOSS and hydrophilic
MPOSS cages (where n is the number of hydrophilic MPOSS
cages), revealed that increasing the value of n caused the phases
of the series of DPOSS-MPOSS,, derivatives to change from HPC,
to the FK A15 phase, and then to the ¢ phase (Fig. 8)."*?
Furthermore, hydrophilic POSS units and various topologies

This journal is © The Royal Society of Chemistry 2022
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of long-chain PS (as hydrophobic tails) have been used to
prepare DPOSS-NPS,, giant surfactants, where m is the mole-
cular weight and N is the number of PS tails (Fig. 9)."** The
self-assembled structures formed from these giant POSS
surfactants were strongly dependent on the molecular
geometry. Quasicrystal and FK phases were stabilized in several
regions, with typical A15, o, DDQC, and BCC structures
observed [Fig. 10(A)-(M)]; Fig. 10(N) summarizes the phase
diagram of these DPOSS-NPS,,, derivatives.''*

The molecular conformational packing of two kinds of
macromolecular isomeric surfactants [PS-BBA and PS-ABB;
Fig. 11(a)], based on PS and POSS cages, was found to
depend on the arrangement of the POSS NP sequences.''”

This journal is © The Royal Society of Chemistry 2022

Furthermore, these two macromolecules formed different
self-assembled structures in DMF/water solution: a sphere
morphology for PS-BBA [Fig. 11(b)—(e)] and sphere, cylinder,
and lamella structures for PS-ABB [Fig. 11(f)-(i)]. Similarly, Liu
et al. precisely constructed side-chain-functionalized giant
compounds of various compositions and lengths through a
deprotection and addition cycle approach. Using a solvent
evaporation method, sandwiched two-dimensional (2D)
nanosheet structures formed through self-assembly of these
giant molecules, with the thickness of the 2D nanosheets being
controlled by changing the BPOSS to APOSS ratios."'® Cheng
et al. prepared two different tri-armed POSS derivatives, tri-PS-
APOSS and tri-APOSS, containing carboxylic acid groups, with

Soft Matter, 2022, 18, 5535-5561 | 5543


https://doi.org/10.1039/d2sm00635a

Published on 12 July 2022. Downloaded by National Sun Yat Sen University on 11/15/2022 10:23:15 AM.

Review
o @
POSS
Click Chemistry
g >
Polystyrene
.0.. s

N,, 800 °C @& C3

- .o.o...° |

OO

Well-ordered silica
-carbon composite

(b)

3

s

2 3DPOSS-PS,,

=l q;,=0.644 nm"’
2 d;=9.8nm

V7 JIvi3
0.05 010 0.15 0.20 0.25
q (A7)

Single-source POSS-PS
giant surfactant

View Article Online

Soft Matter

Self-assembly

Self-assembled
well-ordered hybrid

air, 500 °C o ®8 e

Ordered mesoporous silica

T
AN
s #
»
o

- D’.’ '

Fig. 12 (a) Synthesis of highly ordered mesoporous silica from a giant POSS surfactant. (b) SAXS patterns of self-assembled 3DPOSS-PS,, and the
corresponding mesoporous silica and (c and d) corresponding TEM images recorded (c) before and (d) after pyrolysis.**® Reproduced from ref. 119 with

permission from American Chemical Society.

the presence and absence of PS linkers, respectively, and
examined their morphologies in solution. TEM images revealed
that bilayer vesicles formed when the PS linker was present,
whereas a hybrid morphology (single-layered and blackberry
structures) formed in the absence of PS.'"” Wang et al. used
isocyanate-amine reactions to prepare a giant POSS-ATA
material containing POSS and doped tetraaniline (ATA) units.
This micro-flower POSS-ATA structure exhibited high capaci-
tance, high redox activity, corrosion inhibition, and excellent
solubility in organic solvents.''® Interestingly, Cheng et al.
constructed highly ordered hexagonal mesoporous silicas of
high surface area (581 m* g~ ') and uniform pore size (3.3 nm)
from a series of DPOSS-PS giant surfactants, after thermal
treatment at 800 °C under N, and then at 500 °C in air
[Fig. 12(a)].**° Fig. 12(b)-(d) display SAXS patterns and TEM
images of these samples. The 3DPOSS-PS material provided a
peak ratio of 1:,/3:/4:/7:,/12:,/13, characteristic of the
long-range order of an HPC structure [Fig. 12(b)], the presence

5544 | Soft Matter, 2022, 18, 5535-5561

of which was confirmed using TEM [Fig. 12(c)]. The SAXS
pattern of the pyrolyzed sample obtained from 3DPOSS-PS also
displayed a high-order peak ratio of 1:,/3:./4, indicating the
preservation of the HPC structure in the mesoporous silica,
again confirmed using TEM [Fig. 12(d)]. The primary d-spacing
decreased from 9.8 to 5.6 nm after pyrolysis, implying that
volume shrinkage occurred upon removal of the organic
components.*?

Liu et al. used a deprotection-addition approach to prepare
two groups of single-chain giant molecules (SCGMs) and then
studied their crystallization behavior.'>° The SCGMs containing
non-ionic, cationic, or anionic hydrophilic segments formed 2D
crystal structures, with the thicknesses and morphologies
being unaffected by the sequence of the giant monomers."*°
Kim et al. prepared giant amphiphiles of poly(ethylene glycol)-
PS-block-POSS (PEG-POSS-b-PS) of various molecular weights
and studied the self-assembly in dioxane and acetone as
common solvents. Steric clashes between the hydrophilic POSS

This journal is © The Royal Society of Chemistry 2022
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blocks led to the PEG-POSS-b-PS copolymers self-assembling
into polymer cubosomes, with a cubic phase clearly evident in
the cubosomes.'**

Self-assembled behavior of side-chain-tethered
mono-functionalized POSS NPs

The presence of side-chain-tethered mono-functionalized POSS
cages can typically improve the thermal, mechanical, and
optoelectronic properties of a polymeric matrix.'>* For example,
we used free radical copolymerization of a mono-functionalized
styrene-POSS cage to synthesize poly(hydroxystyrene-co-vinyl-
pyrrolidone-co-isobutylstyryl polyhedral oligosilsesquioxanes)
PVPh-co-PVP-POSS random copolymers with various composi-
tions of styrene-POSS [Fig. 13(a)]."**">* Because of strong
hydrogen bonding between the OH groups of PVPh and the
C=O0 groups of PVP and the Si-O-Si units of POSS, the glass
transition temperature (7,) of the PVPh-co-PVP-co-PS copolymer
containing 3.2 mol% of styrene-POSS (245 °C) was much
higher than those of the pure PVP and pure PVPh (150 °C)
[Fig. 13(b)]. In addition, POSS cages have been grafted onto
the side chains of PMMA through anionic living polymeriza-
tion to form a PMA-POSS homopolymer [Fig. 14(a)]."** A
strong screening effect (y = 1) was observed for this PMA-
POSS homopolymer upon blending PVPh, phenolic, and
bisphenol A, indicating that the C=0 groups of PMA-POSS
could not interact with the OH group of the added polymers
[Fig. 14(c)]; the phenolic/PMMA blend could, however, form

This journal is © The Royal Society of Chemistry 2022
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intermolecular hydrogen bonds upon increasing the phenolic
concentration [Fig. 14(b)].

Based on this phenomenon, we prepared polypeptides
featuring POSS cages grafted on their side chains.”® We
used a combination of NCA ROP (with r-propynyl-i-glutamate
as the monomer) and click chemistry (with a mono-azido-
functionalized N3-POSS cage) to synthesize these PPLG-g-POSS
homopolymers [Fig. 15(a)]."*® All of these PPLG-g-POSS poly-
peptides exhibited the ao-helical secondary structure, even at
very low DP, unlike the pure PPLG homopolymer. Because the
POSS cages on the side chains induced a very strong screening
effect and hindered intermolecular hydrogen bonding among
the polypeptides, intramolecular hydrogen bonding of the
polypeptides was facilitated, thereby encouraging the for-
mation of a-helical secondary structures. We have also found
that positioning other bulky units (e.g., pyrene, cyclodextrin) or
hydrogen bonding groups on the side chains of PPLG can
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enhance the formation of a-helical conformations.'?® Further-
more, wide-angle X-ray diffraction (WAXD) of PPLG revealed
that the strong first peak appeared at ¢ = 0.58 nm *, close
to that for the o-helical conformation, with a d-spacing
of 1.18 nm, suggesting an HPC structure [Fig. 15(b)]; for
PPLG-g-POSS, the pattern featured a strong diffraction
angle (g = 0.2 nm™ ') and a weak diffraction angle (at g =
0.35 nm™') with a relative position ratio of 1:3"% again
corresponding to a 2D HPC structure with a d-spacing of
3.14 nm [Fig. 15(c)]."*¢

5546 | Soft Matter, 2022, 18, 5535-5561

Several other organic-inorganic BCPs based on POSS cages
have been studied during the last decade.”” "' Pyun and
Matyjaszewski prepared PMAPOSS from n-butyl acrylate mono-
mers to form methacryloyl POSS BCPs."*> Hayakawa et al. used
sequential anionic living polymerization to synthesize PMMA-b-
PMAPOSS and PS-b-PMAPOSS [Fig. 16(a) and (b)] and observed
(SAXS, TEM) various self-assembled nanostructures (including
LAM, HPC, and spherical structures) [Fig. 16(c)-(0)] for these
PMAPOSS based on BCPs."** We extended these BCPs with
various volume fractions of each segment and then blended

This journal is © The Royal Society of Chemistry 2022
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them with phenolic resin (Fig. 17). Because the OH groups of
phenolic interact only with the C—=0 groups of PMMA, and not
with the C—=0 groups of PMAPOSS, we observed (TEM, SAXS)
an order-order self-assembled nanostructure transition upon
blending these BCPs with phenolic [Fig. 17(a)-(h)]. Upon
increasing the concentration of phenolic, TEM imaging
revealed that the PMMA-h-PMAPOSS BCP transitioned from
an HPC structure to an LAM structure and finally to an
onion-like structure, suggesting that this blend system
exhibited wet-brush behavior, due to ready variation of the
PMAPOSS volume fraction when blending with phenolic.
Fig. 17(i) summarizes the phase diagram of the phenolic/
PMMA-b-PMAPOSS blends.”** Similarly, PS-b-(PPLG-g-POSS)
bock copolymers have been prepared using a combination of
ATRP, NCA-ROP, and click chemistry [Fig. 18(a)]."*> Fourier
transform infrared (FTIR) spectra revealed that the o-helical
conformation was enhanced by the presence of both the POSS
cage and the PS segment, as measured in the solid state at
various temperatures. SAXS [Fig. 18(b) and (c)] and TEM
[Fig. 18(d) and (e)] analyses indicated that the PS-b-PPLG and
PS-b-(PPLG-g-POSS) copolymers possessed HPC structures,
arising from the o-helical conformation of the polypeptide
and the self-assembled structure of the copolymer, with each
structure perpendicularly oriented [Fig. 18(f) and (g)]-

Zheng et al. used sequential RAFT polymerization to prepare
a series of POSS-b-PAA-b-POSS copolymers. In aqueous
solution, TEM images revealed that these triblock copolymers

This journal is © The Royal Society of Chemistry 2022

formed spherical nanoobjects.’*® In the bulk state, these tri-
block copolymers formed microphase-separated structures,
with the POSS blocks residing in microdomains in the PAA
matrix, according to SAXS and TEM analyses.'*® Interestingly,
Zhang et al. used RAFT polymerization and doping to synthe-
size various POSS-functionalized liquid-crystalline PHEMA-
POSS-b-P6CBMA BCPs, with the POSS unit and the mesogenic
cyanobiphenyl block stabilizing blue-phase liquid crystals
(LCs). The doped LC BCP materials had a lower hysteresis
and driving voltage, excellent thermal stability, and a higher
value of Kerr constant K."*” The Dai group used ATRP to
prepare stimuli-responsive PEG-b-P(MAPOSS-co-DPA) polymeric
systems. This series of POSS-based amphiphilic copolymers
formed spherical micelles with a core-shell structure, with
average diameters in the range 158-223 nm, based on
TEM imaging and dynamic light scattering (DLS) (Fig. 19).**
Lee et al. prepared three different norbornene-substituted POSS
monomers for the synthesis of rod-like POSS-containing
polynorbornenes, through facile ring-opening metathesis
polymerization (ROMP). They then prepared rod-like POSS-
bottlebrush BCPs (BBCPs) through sequential ROMP of POSS
norbornenes Interestingly, the thin films of the POSS-BBCPs
self-assembled into ordered nanostructures with various
morphologies and periodicities of greater than 100 nm."°
Wang et al. used ROMP with Grubbs catalysts to prepare
multi-cluster-wrapped polymers and their block bottlebrush
copolymers with highly controlled compositions and chain
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lengths. Interestingly, upon self-assembly in solution, when the
content of POSS moieties was increased in the BCPs, the size
of the micelles increased (Fig. 20)."*° He et al. used ATRP with
PDMS-Br as the macroinitiator to prepare three different
diblock and triblock copolymers: PDMS-b-PMMA, PDMS-b-
PMMA-b-PMAPOSS, and PDMS-h-PMMA-b-PDFHM; they then
examined the effects of PMAPOSS and PDFHM on the thermal
stability and surface hydrophilicity of these copolymers. The
presence of PDFHM and PMAPOSS in the triblock copolymers
improved the dynamic dewetting and hexadecane-dewetting
characteristics, respectively. In addition, the thermal stability
of these copolymers improved upon incorporation of PMAPOSS
or PDFHM into the PDMS-b-PMMA structure.'*! Zhang and co-
workers used one-pot RAFT polymerization to prepare PS-b-
MIPOSS alternating copolymers and BCPs of low polydispersity
index (PDI) and high DP. TEM images of these materials
revealed different self-assembled structures arising from the
presence of the POSS spheres, with a transition from HPC to
LAM structures in the bulk state when the MIPOSS content was
increased from 13 to 64%."*>

5548 | Soft Matter, 2022, 18, 5535-5561

Self-assembly of di-functionalized POSS NPs

Di-functionalized POSS cages are generally synthesized using
two approaches. The first involves the precise hydrolysis of
OV-POSS to form ortho, meta, and para di-functionalized
POSS NPs; these POSS cages must be separated and purified
chromatographically."** The Dong group used a precise and
efficient exponential growth method to construct a new type of
discrete giant polymeric chains based on POSS NPs, with
different region-configurations, surface functionalities, compo-
sitions, and sizes. Based on SAXS analyses (Fig. 21), the self-
assembly of the amphiphilic p-C,D block chains resulted in
HPC and LAM lattices upon increasing the volume fraction of
the hydrophobic segments.'**

Zhang et al. synthesized various mixed [6: 2] hetero-arm star
polymers on the POSS cubic scaffold. They introduced six PS
arms and two PCL chains; ROP of two OH groups produced the
two PCL chains, while six vinyl groups were converted to N;
units for the grafting of PS chains onto the POSS cage
(Fig. 22)."*° They also reported a double chain giant surfactant
by using these mixed di-functionalized POSS cages with six

This journal is © The Royal Society of Chemistry 2022
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OH-functionalized POSS heads and two PS tails tethered at
the ortho, meta, and para position of the POSS cube
[Fig. 23(a)]. Using SAXS and TEM, they observed an order-
order morphological transitions for the meta-isomer (from an
LAM to DG structure) [Fig. 23(b) and (c)] and ortho-isomer (from
a DG to HPC structure) [Fig. 23(d)] upon increasing the tem-
perature, because of differences in the free energy contribu-
tions as arising from head-to-head POSS interactions, the
entropy of the PS tails, and the interfacial energy. Fig. 23(d)
summarizes the phase diagrams of these double chain giant
surfactants based on POSS cages.'*®

Using this approach, the synthesis of di-functionalized POSS
cages is quite complicated and time consuming. A more practical
approach is the relatively simple synthesis of di-functionalized
POSS cages from difunctional double-decker silsesquioxanes

This journal is © The Royal Society of Chemistry 2022

(DDSQs) [Fig. 24(a)]."*” This approach allows the ready
preparation of di-functionalized POSS compounds through
hydrosilylation with alkenes or alkynes. For example, we used
DDSQ-VBC [Fig. 24(b)] as the macro-initiator for ATRP to
prepare two main-chain BCPs, PVPh-h-PS [Fig. 24(e)] and
P4VP-b-PS [Fig. 24(f)], featuring hydrogen bond donor (PVPh)
and acceptor (P4VP) segments. TEM revealed that the PS-b-
P4VP and PS-b-PVPh main-chain-type BCPs based on DDSQ
formed spherical, HCP, and LAM structures [Fig. 24(g)-(1)].**’

We have observed mesoporous FK phases in the self-
assembled structures obtained from di-functionalized DDSQ.'*®
We prepared phenolic/DDSQ hybrids featuring various amounts
of DDSQ from the reactions of phenol, DDSQ-40H, and CH,O in
NaOH medium [Fig. 25(a)]."*® Because of the high thermal
stability of these phenolic/DDSQ hybrids, we obtained a new
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way to prepare mesoporous FK phases—through templating
with the PEO-b-PCL diblock copolymer [Fig. 25(b) and (c)].
Fig. 25(d)-(g) display corresponding TEM images revealing the
various FK phases, including ¢, A15, H, and Z phases, obtained
upon increasing the DDSQ composition in the phenolic/DDSQ
hybrids, as well as the phase diagram of these mesoporous
structures.'*’ Interestingly, Cheng et al. studied and examined
the self-assembly behaviors of three binary systems, PBI/CPBI,
BTA1/CPBI, and BTA2/CPBI and they found that a series of
unusual superlattices observations including quasi-F-K
phases, NaZn,3, CaCus, and MgZn, phase.'*® The same group
prepared multibranched giant molecules named OP8 and
OP14 via tethering eight and fourteen aliphatic isooctyl-
OPOSS cages. Then, azide-alkyne [3+2] cycloaddition for
connecting the core and cages. They found that the binary
mixtures of OP8/OP14 with mass ratio = 1/2 displayed DQC,
DDQC, and Frank-Kasper o structures during thermal
annealing."" Recently, Zhang’s group constructed a series of
multi-tailed B,AB, giant surfactant materials containing
POSS and PS as hydrophobic tails through click reaction.

5550 | Soft Matter, 2022, 18, 5535-5561

Interestingly, the phase structure of B,AB, depends on the
regio-configuration of these materials. For example, the meta-
and para isomers showed HEX phase and the ortho-isomer
formed metastable DQC phase.'*?

Recently, porous organic polymers (POPs) have been attract-
ing much attention because they possess high surface areas,
low densities, high chemical and thermal stabilities, and
tunable porosities; they can be classified into hypercrosslinked
polymers, covalent organic frameworks, covalent triazine
frameworks, and conjugated microporous polymers.'>*1¢?
These POPs have a diverse range of applications in energy
storage, gas capture and separation, photocatalysis, H, evolu-
tion, and optical devices. Incorporating DDSQ or POSS
into organic polymers to form self-assembled and ordered
structures is also of interest when preparing porous organic/
inorganic microporous polymers (POIPs)."***%” We have used
Sonogashira-Hagihara coupling of DDSQBr with tetra-
phenylethene (TPE) and carbazole (Car) derivatives to append
TPE and Car units, respectively, onto DDSQ moieties for the
preparation of POIPs. These two POIPs exhibited high thermal

This journal is © The Royal Society of Chemistry 2022
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Fig. 20 (a) Synthesis of polynorbornenes composed of side chains featuring one to four POSS cages. (b) Corresponding poly(N-nPOSS),,,-b-poly(N-
PEQO), BCPs featuring a bottlebrush polynorbornene with side chains of PEO units, where n is number of POSS cages as side chains and m and p are the
degrees of polymerization of each block segment. (c—f) TEM images of (c) poly(N-1POSS),q-b-poly(N-PEO),0, (d) poly(N-2POSS),0-b-poly(N-PEO),q, (e)
poly(N-3POSS)20-b-poly(N-PEO),q, and (f) poly(N-4POSS),0-b-poly(N-PEO),0.2*° Reproduced from ref. 140 with permission from the Royal Society of

Chemistry.

stability, with a high char yield (ca. 77.4 wt%) and high specific
capacitance for the Car-DDSQ POIP.%®

Self-assembly of multi-functionalized POSS NPs

The syntheses of multi-functionalized POSS cages are generally
performed using two methods: (i) hydrolysis and condensation
of trichlorosilane (HSiCl;) or trialkoxylsilanes [HSi(OR);], in
low yield (ca. 10 wt%), and (ii) hydrosilylation of various alkenes
or alkynes using (HSiO; 5)s or QsMg" (HMe,Si0SiO; 5)s and Pt
catalysts, in very high yield (ca. 90 wt%) [Fig. 1(C)].®>"®®

We have used hydrosilylation, click, and condensation
reactions to synthesize various octa-functionalized benzoxazine
(BZ) POSS cage structures.'® The resulting octa-functionalized
polybenzoxazine (PBZ)/POSS derivatives displayed improved
thermal and mechanical properties, because the POSS cages
hindered the chain mobility of the PBZ structures.'®® We have
also prepared octa-functionalized BZ-POSS derivatives through
supramolecular interactions (multiple hydrogen bonds)
between octa-functionalized adenine (A)-POSS [Fig. 26(b)] and
thymine (T)-functionalized BZ [Fig. 26(a)],"”® stabilized through
multiple A-T binary pairs in the OA-POSS/T-BZ hybrids."’® TEM
images [Fig. 26(c)] revealed that this T-BZ/OA-POSS hybrid
self-assembled into a LAM structure as a result of strong
multiple A-T hydrogen bonding.” We also synthesized an
octa-functionalized diamidopyridine POSS (OD-POSS) and
blended it with mono- and di-uracil (U)-functionalized
PEG."” Through multiple D-U hydrogen bonding inter-
actions (Fig. 27), the resulting POSS-based supramolecular

This journal is © The Royal Society of Chemistry 2022

polymers exhibited improved thermal properties and self-
assembled into spherical structures, as observed using
TEM.

Star BCPs based on POSS cages have also been investigated
widely in recent years.'’>’® Zhang et al. prepared a star-
shaped PCL-b-PDMAEM BCP based on POSS cages; TEM
and DLS revealed that it self-assembled into unimolecular
micelles."”” Singha et al. used a combination of ROP and
RAFT polymerization to synthesize a star-shaped PCL-b-PGLC
BCP based on POSS cages; it self-assembled into core-shell
structures, as revealed by TEM and SEM imaging.'”® He et al.
used RAFT polymerization for the thermogelling of POSS with
a star-shaped PDMAEMA-b-PNIPAm BCP. They examined the
sol-gel transitions, structures, and rheology of the resulting
copolymers, and found that these copolymers could self-
assemble into microgels when heating dilute aqueous
solutions."”® We have synthesized various star PS-h-P4VP
and PS-b-PVPh diblock copolymers based on POSS cages
(Fig. 28); TEM and SAXS revealed that they could form self-
assembled LAM structures.'®® Furthermore, Dong et al. prepared
a library of amphiphilic patchy clusters based on POSS cages with
accurate surface and symmetry properties using different
chemical reactions (click, esterification, and thiol-ene
reactions). They revealed that these POSS patchy clusters
could be formed in various nanostructures, dodecagonal
quasicrystalline phase (DQC), and Frank-Kasper o phase,
respectively, by controlling and tunable the molecular sym-
metry and composition.'®!
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Fig. 21 (a) Chemical structure of p-C,D based on amphiphilic POSS BCP. (b) Corresponding counterpart of Sy3D. (c—h) SAXS analyses performed at
various compositions of p-C,D.1** Reproduced from ref. 144 with permission from American Chemical Society.

Conclusions and future outlook

The POSS cage is the smallest possible silica NP that can be
used to form hybrid materials with polymer matrices. The result-
ing polymer/POSS hybrids can form unique self-assembled
structures—ones that have not been observed for other poly-
mer/silica hybrids, formed using, for example, PDMS and clay.
Accordingly, POSS materials have attracted significant atten-
tion in recent years. In this Review, we discuss recent progress
in the self-assembly of organic/inorganic POSS hybrids derived
from mono-, di-, and multi-functionalized POSS cages, with a
focus on the thermal properties and secondary structures of
these polymer/POSS hybrids. Although great progress has been

5552 | Soft Matter, 2022, 18, 5535-5561

made in preparing POSS hybrids with many applications. Many
challenges remain such as preparation giant materials with
fractal and DQC structures and synthesis of high crystalline
COF materials based on POSS for solar cell, drug delivery,
optoelectronic devices, hydrogen, and oxygen production. In
the near future, we expect that new POSS hybrid materials
having self-assembled mesoporous or microporous structures
will be of great interest because the POSS building block should
provide new opportunities to prepare organic/inorganic porous
materials (e.g., COFs and CMPs). Furthermore, the synthesis of
polymer/POSS hybrids displaying new FK phases remains
another challenge, with explorations of this field almost certain
to reveal new and beneficial properties.
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click reactions.****> Reproduced from ref. 143 with permission from Wiley-VCH. Reproduced from ref. 145 with permission from the Royal Society of
Chemistry.

I LAM DG [ HEX DIS
@) (e)
'.":‘*.S;Z}\ '.*"‘-.S;zj\ '."”-.5;2,\
oF R Eae owl e
L @ ®
para- @w meta- )mrza' ortho= ﬂﬂnv 160- ® ®
« ® [ J
140 « L] L4
[ ] ©(1.67) 0(1.67)

Temperature (°C)

120 (1.66)
©(1.65)
100 o(1.64)
9(1.63)
0(1.62)

L]
p-DPOSS-2PS;, m-DPOSS-2PS; 0-DPOSS-2PS,

Fig. 23 (a) Chemical structures of six di-functionalized POSS cages with six OH-functionalized POSS heads and two PS tails tethered at ortho, meta, and
para positions. (b—d) TEM images of (b) the meta isomer after thermal annealing at 80 °C for 4 h; (c) the meta isomer after thermal annealing at 80 °C for
4 h (left) and 120 °C for 4 h (right); and (d) the ortho isomer after thermal annealing at 80 °C for 4 h (left) and 140 °C for 4 h (right). (e) Full phase diagram of
these double-chain giant surfactants.**® Reproduced from ref. 146 with permission from American Chemical Society.
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structure).*” Reproduced from ref. 147 with permission from MDPI.

5554 | Soft Matter, 2022, 18, 5535-5561 This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2sm00635a

Published on 12 July 2022. Downloaded by National Sun Yat Sen University on 11/15/2022 10:23:15 AM.

View Article Online

Soft Matter Review
% . AN
[} o
@0 0.0 0.0
¢ H [€) ([ ]
J uc‘{o\/)‘]-l~ v ® !.z.:':
' ....... (o™ Tempiate Removal
© \Wad ) z oj31e ! 2 -
..“..“.m.
b Thermal Curing, EISA ® 3 "B ) at400°c
\ ° t A
000 000 000
. . Seif-Assembly Structure of Mesoporous Structures of
FhencleTiog bl Phenolic/DDSQ Hybrids Phenolic/DDSQ Hybrids

(d)

00,00
0go
(%)
(=)
o
0RO
o e
.. LI R R B BN B ) - Smany S uan,®
2 = [ ei0:%i0isiois @ O @ 0.0 ) ° ¢ 0¢+0 +0 ° [ ]
(2] . 8-2..02_8.2,0
.oo°°°. .:-:;:: .......o..ooo.
.oo°°_. 2 .........o. ‘°'°°" ooooo.o.
o..oo. ° ° -o-o-o... ....:.?:. P P VAR ARy Ps °
o (324 -3 -4) Phase A15 (44) Phase H (33%-42) Phase Z (3°) Phase

Fig. 25 (a) Chemical structures of phenolic/DDSQ hybrids. (b) Self-assembled structure templated by the PEO-b-PCL diblock copolymer. (c)
Mesoporous phenolic/DDSQ hybrids obtained after removal of the template. (d—g) TEM and FFT analyses of corresponding mesoporous phenolic/
DDSQ structures featuring FK phases, based on the PDDSQ-x/PEO-b-PCL = 80/20 blend: (d) ¢ phase from PDDSQ-20 with 32.4-3.4 tiling number, ()
A15 phase from PDDSQ-30 with 4* tiling number, (f) H phase from PDDSQ-50 with 3%-4? tiling number, and (g) Z phase from PDDSQ-80 with 3° tiling
number.**® Reproduced from ref. 149 with permission from Wiley-VCH.

This journal is © The Royal Society of Chemistry 2022 Soft Matter, 2022, 18, 5535-5561 | 5555


https://doi.org/10.1039/d2sm00635a

Published on 12 July 2022. Downloaded by National Sun Yat Sen University on 11/15/2022 10:23:15 AM.

Review

(a) T-BZ

Et;N, CH,Cl
Toluene, 100 °C R
'OH
‘OH
(b) OA-POSS
cl
OSiMe,H RO.
HMe;SiO. 0— i~ 2
N /_< >4 ro 90—
\l / \ ~Si
HMe,SiO: 7 b\ S\O#AQH / /-0
HMe,$§iO. 04 >
) > s, P osivet Pt(dvs), Toluenc, 60 °C
§i\ _ '\
HMeZSiO o OSiMe;H ro”

(©)

>

n

\ =

View Article Online

Soft Matter

Michael addition, t-BuOK

Y

Toluene, 100 °C

m Phase Separation Self-Assembly

Polybenzoxazine/POSS
nanocomposites

Self-assembly
Lamellar Structure

Fig. 26 (a and b) Chemical structures and synthesis of (a) thymine-functionalized BZ (T-BZ) and (b) OA-POSS. (c) TEM image recorded after the thermal
curing of T-BZ/OA-POSS hybrids having a LAM structure, stabilized through multiple A-T hydrogen bonds.*%'"* Reproduced from ref. 170 with
permission from the Royal Society of Chemistry. Reproduced from ref. 171 with permission from American Chemical Society.

Abbreviation

ATRP Atom transfer radical polymerization

DDSQ Double-deckered silsesquioxanes

DSC Differential scanning calorimetry

FTIR Fourier transform infrared spectros-
copy

NCA N-Carboxyanhydride

NMRP Nitroxide mediated radical polymerization

PCL Poly(caprolactone)

PDMS Poly(dimethyl siloxaine)

PEG Poly(ethylene glycol)

PFS Poly(ferrocenyl dimethylsilane)

PS Polystyrene

PMMA Poly(methyl methacrylate)
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PMDETA

PVP

PVPh
PVPh-co-PVP-POSS

PBLG
BTA
ROP
PBZ
RAFT

LB
DQC
SAXS

Pentamethyl diethylenetriamine
Poly(vinyl pyrrolidone)

Poly(vinyl phenol)
Poly(hydroxystyrene-co-vinylpyrrolidone-
co-isobutylstyryl polyhedral oligosilses-
quioxanes)

Poly(y-benzyl-L-glutamate)
Benzene-1,3,5-tricarboxamide
Ring-opening polymerization
Polybenzoxazine

Reversible addition-fragmentation chain
transfer

Langmuir-Blodgett

Decagonal quasicrystal

Small angle X-ray scattering
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TEM Transmission electron microscopy
Ty Glass transition temperature
WAXD Wide angle X-ray diffraction
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