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Article history: This review describes the syntheses of polyhedral oligomeric silsesquioxane (Tg-POSS)
Received 22 June 2010 compounds, the miscibility of POSS derivatives and polymers, the preparation of
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Y phenolic-POSS, benzoxazine-POSS, amine-POSS, and hydroxyl-POSS. The thermal,
dynamicmechanical, electrical, and surface properties of POSS-related polymeric nanocom-
posites prepared from both monofunctional and multifunctional POSS monomers are
discussed. In addition, we describe the applications of several high-performance POSS
nanocomposites in such systems as light emitting diodes, liquid crystals, photo-
resist materials, low-dielectric constant materials, self-assembled block copolymers, and
nanoparticles.
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ABSTRACT

Keywords:

Photo-thermal fabrics

Programmable 2D/3D structure
Washable/sewable

Environmentally adaptable

Liquid/solid medium solar vaporization

As a renewable and sustainable resource, solar energy exploited to conduct interfacial water evaporation has
attracted considerable attention. However, conventional photo-thermal materials mainly focus on the issues of
energy efficiency and multifunctionality, the lack of scalable, low-cost, flexible and washable features severely
restrict the application from labs to industrialization. Significantly, owing to the low utilization of the spatial
volume of the conventional two-dimensional (2D) evaporators, the development of editable and controllable 3D
structures toward improved energy efficiency is highly desirable. Inspired by the traditional sewing clothes,
herein, a functional photo-thermal fabrics with excellent scalable, washable and inexpensive features is designed
to realize tunable and programmable 2D/3D structures, which enable the favorable in-plane and out-of-plane
water extraction from liguid/solid medium. Since the polypyrrole (PPy) has favorable photo-thermal, stable
features and strong interactions with the fibrous cotton, an in sit tunable oxypolymerization strategy was
employed to construct PPy modified cotton fabric. The facile and robust approach enables the formation of a

(PVPh) through acetoxyl hydrazinolysis of PAS with hydrazine )ﬂf\ 7/?/2/1 §5 ool s§’
monohydrate. To investigate the influences of these three /’k S~ ‘/

functionalized polystyrene derivatives on the helical peptide N ~ i §__~ S g s
secondary structures and miscibility behavior of polypeptide @/’/ @.5 g - %g‘( s
homopolymers, we blended PS, PAS, and PVPh with a low- i %;‘\S\,\s\’

molecular-weight poly(y-benzyl L-glutamate) (PBLG) homo-

polymer and analyzed these blends using differential scanning

calorimetry (DSC), Fourier transform infrared (FTIR) spectroscopy, solid state nuclear magnetic resonance (NMR)
spectroscopy, and wide-angle X-ray diffraction (WAXD). Variations in the intermolecular interactions (e.g., 7—7, dipole—dipole,
hydrogen bonding) strongly affected the miscibility behavior and secondary structures of PBLG. The weak 7—7 interactions
between PS and PBLG resulted in only partial miscibility, with the a-helical secondary structure of PBLG remaining almost
unchanged upon increasing the content of the PS homopolymer; in contrast, the stronger dipole—dipole interactions between
PAS and PBLG and the hydrogen-bonding interactions between PVPh and PBLG led to complete miscibility, with the content of
a-helical PBLG secondary structures increasing upon increasing the contents of both the PAS and PVPh homopolymers. Because
the hydrogen-bonding interactions in the PVPh/PBLG blends were stronger than the dipole—dipole interactions in the PAS/
PBLG blends, the fractions of a-helical secondary structures in the PVPh/PBLG systems were larger than those in the PAS/
PBLG systems. Indeed, the contents of a-helical conformations in these three blend systems correlated strongly with the strength
of their intermolecular interactions.

Contents

B R 1T T a6 1651
2. General approaches in the syntheses of polyhedral oligomeric silsesquioxanes. . 1651
2.1.  Monofunctional POSS 1652

2.2, Multifunctional POSS 1652

3. Hydrogen bonding and miscibility behavior of polymer/POSS NanoCoOmMPOSIteS. ... .uuuuuit ittt tttiiaeeaiiieeeaaiiaeeeanns 1652
3.1. Hydrogen bonding interactions between polymers and POSS......... 1652

3.2.  Miscibility between polymers and POSS derivatives............ 1654

4. POSS-containing polymers and copolymers ................. 1657
4.1. Polyolefin/POSS and norbornyl/POSS copolymers ... 1657
4.1.1.  Polyethylene and norbornyl/POSS copolymers. 1657

4.1.2. Polypropylene/POSS nanocomposites........ 1659

4.1.3.  Other polyolefin POSS nanocomposites .. 1660

4.2. Polystyrene/POSS nanocomposites............. 1660

4.3. Poly(acrylate)/POSS copolymers........... ... 1662

4.4. Poly(ethylene oxXide)/POSS NaNCOMPOSITES. ...ttt ettt et ettt e et e e et e e et e e et et et eeeanaeeaanns 1664

4,5, [Polyester/POSS Nan0OCOMPOSITES i sssvsssiiisseesiis visavssasmsssainsssne oo siinsssaaunesvsssssaiiamsvssrassvssanes 1665
4.5.1. PCL/POSS nanocomposites......... ... 1665

45.2. Other polyester/POSS NANOCOMPOSILES . iviiiissvsviveisiaanisni s soss s daaummmonessdisesssssssmsvosseni 1666

* Corresponding author. Tel.: +886 7 5252000x4079; fax: +886 7 5254099.
E-mail addresses: kuosw@faculty.nsysu.edu.tw (S.-W. Kuo), changfc@mail.nctu.edu.tw (F.-C. Chang).
! Fax: +8863 5131512.

large-area PPy-modified cotton (PMC), which could function as a 2D generator for well-controlled in-plane water
evaporation. Furthermore, the excellent sewable and editable features of the fabrics allow the programmable
integration of these functional PMC building blocks into 3D system towards high-efficient out-of-plane solar
vaporization. Specifically, the 3D design can adapt the photo-thermal fabrics to diverse environments with
efficient purified water collection even from sand matrix.

1. Introduction are significantly achieved, challenges remain in achieving simple fab-

rication protocols, low-cost, favorable mechanical flexibility and
Water shortage that is regarded as a challenging global problem has washability [26,27]. More importantly, the conventional two-dimen-

aroused tremendous considerations [1]. To alleviate the water scarcity, sional (2D) in-plane evaporation system with low space utilization se-
extensive technologies are implemented to realize sewage purification verely restricts the solar-to-thermal conversion efficiency.

and/or seawater desalination [2-7]. Among them, solar energy is ex- Based on the existing problem of energy efficiency, several recent
pected to be a promising candidate owing to its sustainable and re- researches were devoted to make their efforts in enhancing the light
newable features [8-10]. Significantly, superior to the traditional bulk absorbance and/or improve the effective area of light absorption by

solar distillation system, [11-13] solar driven interfacial evaporation transforming 2D films to three-dimensional (3D) networks [24,28-33].
has blossomed during the past few years, which enables highly efficient Jiang et al. [34] prepared auricle-inspired 3D structure to prominently
solar-to-thermal conversion [14-25]. Although considerable advances enhance the solar absorbance for effective water evaporation. Qu et al.
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H INTRODUCTION

The a-helical structures of polypeptides [e.g., poly(y-benzyl L-
glutamate) (PBLG)] result in the formation of rigid rod
structures that can exhibit liquid crystalline ordering in
concentrated solutions and cast films.'™> PBLG, which has
been commercially available since the 1950s," is often employed
as a model rigid rod system in solution and in the solid state,”~”
providing unique bulk (e.g, thermotropic liquid crystalline
ordering)®® and solution (thermoreversible gelation)'®™"?
behavior. PBLG also forms hierarchically ordered structures
containing a-helices, which can be regarded as rigid rods,
stabilized through intramolecular hydrogen-bonding interac-
tions, and f-sheets, stabilized by intermolecular interactions, as
fundamental secondary motifs.'"* Conformational studies of
model polypeptides are necessary if we are to mimic the
biological activity of more-complex proteins because the
secondary structures of peptide chains influence the formation
of proteins with well-defined tertiary structures.'®

For several decades, most of the methods for synthesizing
poly(peptide-b-nonpeptide) (rod/coil) block copolymers, with
potential applications in tissue engineering and drug delivery,
have followed Nature’s strategies for producing supramolecular
bioactive assemblies.'® ™' These systems can exhibit significant
stabilization of the a-helical secondary structures relative to

those of the corresponding PBLG oligomers; for example, in
the Fourier transform infrared (FTIR) spectra of poly(styrene-
b-y-benzyl L-glutamate) (PS-b-PBLG) copolymers reported by
Klok et al.'® The synthesis of diblock copolymers is, however, a
difficult and time-consuming means of varying the secondary
structure of a polypeptide. From practical and economical
points of view, physical blending is a simpler and more effective
method for modifying a polypeptide or any other useful
material, with greater versatility and flexibility, than through the
development of new polymers.’n_36 From a previous study,®”
we reported that the secondary structures of the polypeptides
poly(y-methyl L-glutamate) (PMLG), poly(y-ethyl L-glutamate)
(PELG), and PBLG could be altered through blending with
other random-coil nonpeptide oligomers (in that case, phenolic
resin), mediated by hydrogen-bonding interactions. We found
that the a-helical conformation in these three blend systems
correlated strongly with the rigidity of side chain groups of the
polypeptides and the strength of the intermolecular hydrogen
bonding with the phenolic resin.*”
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then blended it with poly(4-vinylpyridine) (P4VP) homopol- S~

ymer in N,N-dimethylformamide (DMF) and MeOH e, .
solutions, thereby controlling the miscibility behavior and =~ ——————=_ INTERPOLYMER COMPLEX |
secondary structures of the PTyr. Infrared spectroscopy _——— ="
revealed that the PTyr/P4VP mixture featured strong S o
hydrogen bonds between the OH groups of PTyr and the

pyridyl groups of P4VP. Differential scanning calorimetry revealed that the glass transition temperatures of the PTyr/P4VP
complexes formed from MeOH solutions were higher than those of the corresponding PTyr/P4VP miscible blends obtained
from DMF solutions. The behavior of the PTyr/P4VP blends obtained after evaporation of the DMF solutions was consistent
with separated random coils of the PTyr chains. The increased degree of hydrogen bonding within the PTyr/P4VP complexes
formed from MeOH solutions resulted in interpolymer complex aggregates; the corresponding enhanced intermolecular
hydrogen bonding of PTyr with P4VP resulted in -sheet conformations for PTyr, as evidenced from Fourier transform infrared
spectroscopy, solid state nuclear magnetic resonance spectroscopy, and wide-angle X-ray diffraction analyses. This model, which
takes advantage of the well-defined secondary structures (a-helices, f-sheets) of PTyr, can, therefore, be used to identity the
behavior of separated coils and aggregated chains in polymer blend and complex systems.

H INTRODUCTION

biological point of view, f-sheet secondary structures have

ABSTRACT: We prepared octuply adenine (A)-functionalized
polyhedral oligomeric silsesquioxane [ (octakis(vinylbenzyladenine-
siloxy )silsesquioxane, OBA-POSS] nanoparticles through the reac-
tion of A with octakis(benzyl chloride) POSS (OVBC-POSS),
itself prepared through hydrosilylation of octakis(dimethylsiloxy)-
silsesquioxane (QsM") with vinyl benzyl chloride. We observed
the self-assembly of lamellar structures from the complexation of
a thymine (T)-functionalized polybenzoxazine (PA-T) with OBA-
POSS, stabilized through complementary multiple hydrogen

Thermal-Curing Processes

m [rere—— e

e

bonding interactions between the T groups of PA-T and the A groups of OBA-POSS. In addition, incorporating POSS pre-
senting multiple, strong, complementary hydrogen bonding A units into the PA-T matrix significantly enhanced the thermal
stability of this polymer, as evidenced using differential scanning calorimetry and thermogravimetric analysis.

B INTRODUCTION

Benzoxazine monomers are heterocyclic compounds featuring

Amino acid-based polymers, including polypeptides, have been
studied widely because of their potential applications as
biocompatible materials with useful chemical properties and
functions that derive from the amino acid moieties."”
Modification of a polypeptide with a functional polymer, such
as poly(ethylene glycol) (PEG), is used typically for the
development of new materials.>™> In addition, multiblock
copolymers have also been prepared to model silk-based
materials, which formed nanostructures through f-sheet self-
assembly.® Most poly(peptide-b-nonpeptide) (rod/coil) block
copolymers have been studied for their gotential applications in
tissue engineering and drug delivery.”>' The synthesis of
diblock copolymers is, however, a difficult and time-consuming
means of modifying polypeptides. From both practical and
economic points of view, polymer blending of existing polymers
is a more effective and convenient route toward creating new
and useful materials exhibiting greater versatilitz' and flexibility
than is the development of new polypeptides.”* >’
Polypeptides can form hierarchically ordered structures
containing fundamental secondary motifs: a-helices, which
can be regarded as rigid rods stabilized through intramolecular
hydrogen bonding interactions, and f-sheets, stabilized by
intermolecular interactions.”® From a synthetic point of view,
the a-helical structures of polypeptides cause them to behave as
rigid rod—like polymers in solution and in solid states. From a

emerged as important features in the development of several
neurodegenerative disorders (e.g., prion diseases).?” As a result,
conformational studies of model polypeptides are important
steps toward mimicking the biological activity of more-complex
proteins.* In previous studies,*"** we found that the secondary
structures of the polypeptides poly(r-methyl L-glutamate)
(PMLG), poly(r-ethyl L-glutamate) (PELG), and poly(r-benzyl
L-glutamate) (PBLG) could be altered through blending with
other random-coil nonpeptide oligomers [namely, phenolic
resin or poly(vinylphenol) (PVPh)], mediated by hydrogen
bonding interactions. The content of a-helical conformations in
these blend systems correlated strongly with the strengths of
intermolecular hydrogen bonding to the hydrogen-bond-donor
polymers. Nevertheless, these poly(L-glutamate)s formed only
relatively weak intermolecular hydrogen bonds between their
side chain C=0 groups and the OH groups of phenolic resin
or PVPh. The strongest interassociation equilibrium constant
(K,), a relatively low value of only 50, was found in the
phenolic/PELG blend system, consistent with C=0 groups in
polymers being relatively weak hydrogen bond acceptor groups

Received: June 10, 2012
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an oxazine ring; they are synthesized from a primary amine, phenol,
and formaldehyde. Benzoxazines can be polymerized through ring-
opening polymerization in the absence of a catalyst, releasing
no byproducts." The advantageous properties of benzoxazine
resins include near-zero shrinkage upon polymerization, low
water absorption, high char yield, excellent dimensional stability,
flame retardance, stable dielectric constants, and low surface free
energy.”

Procedures for the modification of benzoxazine resins are grow-
ing rapidly, with many useful products having been developed
in recent years.> To improve the performance of polybenzoxazines
(PBZs), polymerizable alkynyl and allyl side groups have been
introduced into benzoxazine monomers.* Benzoxazine resins
have also been modified through blending with other polymers
[e.g, epoxy, polyurethane, poly(N-vinyl-2-pyrrolidone)],” inorganic
species (e.g, clays),® polyhedral oligomeric silsesquioxane (POSS),”
and carbon nanotubes.” Unlike clay or conventional fillers, POSS
has a monodisperse molecular weight, a well-defined structure, low
density, high temperature stability, an absence of trace metals, and
sizable interfacial interactions between its composite particle and
polymer segments.7l As a result, highly functionalized benzoxazine
or epoxy POSS monomers have been employed widely to prepare
covalently bonded PBZ/POSS nanocomposites.” In general, these
kinds of PBZ/POSS nanocomposites exhibit featureless morphol-
ogies, with no discernible phase separation, suggesting that the
POSS nanoparticles are dispersed homogeneously throughout

(DNA bases) allows the formation of complexes stabilized
through multiple hydrogen bonding interactions with comple-
mentary bases. Multiple hydrogen bonding arrays play a fun-
damental role in complex biological systems (e.g, DNA com-
plexation); they are influential structures in polymer science,
where they are often presented as defined macromolecules
possessing near-perfect molecular structures.” As a result, the
preparation of synthetic polymers that mimic DNA remains an
important challenge in polymer science.'” Chang et al. prepared
a benzoxazine derivative with supramolecular functionality (i.e.,
a uracil unit) through the reaction of a uracil-functionalized
amine with phenol and formaldehyde.'' In addition, we have
also synthesized a thymine (T)-functionalized benzoxazine (PA-T)
through Michael addition of T to an acryloyl-functionalized
benzoxazine (Pa-Ac).'?

In this study, we synthesized a new octuply adenine (A)-
functionalized POSS-based material and then blended it with a
thymine (T)-functionalized PBZ (PA-T) to form PBZ/POSS
nanocomposites. First, we produced octakis(benzyl chloride)
POSS (OVBC-POSS) through hydrosilylation (Scheme 1a)
of vinylbenzyl chloride (VBC) with octakis(dimethylsiloxy)-
silsesquioxane (QgM"); we then synthesized the star-shaped
octuply A-functionalized POSS [octakis(vinylbenzyladenine-
siloxy)silsesquioxane, OBA-POSS] from the reaction of OVBC-
POSS with A (Scheme 1b). We used Fourier transform infrared

Received: October 3, 2012
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ABSTRACT: A series of immiscible triple crystalline triblock E\"’A‘#"LL"'
copolymers, poly(ethylene oxide-b-¢-caprolactone-b-L-lactide) 9 cuine. ‘ ' ‘
(PEO-b-PCL-b-PLLA), synthesized through sequential ring-open- =0 50 P e

ing polymerization, have been blended with phenolic resin. FTIR Fheste
spectra revealed that the ether groups of the PEO blocks were ./
stronger hydrogen bond acceptors for the OH groups of phenolic r
resin than were the C=O groups of the PCL and PLLA blocks. ~ "%*
Curing of phenolic with the templates and hexamethylenetetr- ~—
amine resulted in excluded and confined PCL or PLLA phases,
depending on the phenolic content. This effect led to the formation of various composition-dependent nanostructures, including
disordered structures, bicontinuous gyroids, hexagonally packed cylinders, and spherical micelle structures. Small-angle X-ray
scattering and transmission electron microscopy revealed that self-organized mesoporous phenolic resin formed at phenolic
contents of only 30—50 wt % as a result of an intriguing balance among the contents of phenolic and the PEO, PCL, and PLLA
blocks. An interesting closed-loop mesoporous structure existed in the phase diagram of the mesoporous phenolic resins
templated by the PEO-b-PCL-b-PLLA triblock copolymers.

l Pyrolysis

B INTRODUCTION

phenolic resins having high surface areas and large pore

Diblock copolymers can form many well-defined, self-
assembled nanostructures in the bulk state, including spherical,
hexagonally packed cylinder, gyroid, and lamellar structures.' ™
Recently, there have been several investigations into the
blending of homopolymers C with immiscible A-b-B diblock
copolymers, where C can interact with the A or B block
segments noncovalently (e.g., through hydrogen bonds).> 2!
For example, when C is miscible with B but immiscible with
A,*" we found that the ratio of the interassociation equilibrium
constant (K,) to the self-association equilibrium constant (Ky),
K,/Kg, is a convenient guide for estimating the phase behavior
of A-b-B/C blends."! Very recently, Guo et al. and we reported
another method to develop self-assembled nanostructures
through competitive hydrogen bonding interactions.''™° In
this second approach, C is both miscible with A and B blocks,
but the hydrogen bonds between the B and C segments are
stronger than those between the A and C segments. Hydrogen
bonding interactions of different strengths lead to the formation
of various composition-dependent microphase separations.'>*"

The self-assembly of diblock copolymers in thermosets has
been used to prepare ordered nanostructures.”””>* Long-range-
ordered nanostructures can form after mixing uncured phenolic
resins with block copolymers featuring a block that interacts
sufficiently strongly through hydrogen bonds with the phenolic
OH groups, such that curing of the phenolic resin will preserve
the self-assembled structure without it undergoing macroscopic
phase separation.”®?” In addition, ordered mesoporous

volumes have received much attention for their potential
applications in catalysis, photonics, adsorption, separation, and
drug delivery.”® 3 For example, Ikkala et al. prepared
mesoporous phenolic resins when using poly(isoprene-b-2-
vinylpyridine) (PI-b-P2VP) and poly(styrene-b-4-vinylpyri-
dine) (PS-b-P4VP) diblock copolymers as templates and
hexamethylenetetramine (HMTA) as the curing agent.”®*'
Zheng et al. reported the formation of nanostructures in
phenolic thermosets after curing novolac resins and the diblock
copolymer poly(styrene-b-ethylene oxide) (PS-b-PEO) in the
presence of HMTA. The use of novolac instead of resols resins
can allow investigations of the morphological evolution before
and after the curing reaction.”” In all of studies mentioned
above, the phenolic resin has been miscible with PEO, P2VP,
and P4VP blocks as a result of hydrogen bonding, but
immiscible with PI or PS blocks; thus, these systems can be
classified as being examples of first case, where C is miscible
with block B but immiscible with block A. In previous studies,
we prepared poly(ethylene oxide-b-¢-caprolactone) (PEO-b-
PCL) diblock copolymers, comprising two immiscible crystal-
lizable blocks, PEO and PCL, that are both miscible with
phenolic resin as a result of hydrogen bonding;** 3¢ these
systems have been A-b-B/C blends that are examples of the
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ABSTRACT: Poly(methyl methacrylate)-b-poly- i A . .
) : k ) =013 Bl £=0.408 £=0.64

(methacryloyl polyhedral oligomeric silsesquioxane) -
(PMMA-b-PMAPOSS) block copolymers of various compo- | &l .. ‘
.o . . P . . PMAPOSS Hexagonal-Packed PMAPOSS and PMMA Hexagonal Packed
sitions were prepared through anionic living polymerization. Sphere [ PMAPOSS (o linder I | o
We employed differential scanning calorimetry, Fourier

transform infrared spectroscopy, small-angle X-ray scattering, 06 04 o02 03 o04 05 06 07 08 05 10
transmission electron microscopy, and wide-angle X-ray
diffraction to investigate the miscibility, specific interactions,
and hierarchical self-assembly of PMMA-b-PMAPOSS block
copolymers blended with a phenolic resin. We found that the added phenolic resin interacted preferentially with the PMMA
blocks through hydrogen bonding between the OH groups of the former and the C=0O groups of the PMAPOSS. In other
words, the OH groups of the phenolic resin did not interact with the C=0 groups of the PMAPOSS blocks, resulting in their
immiscibility. Accordingly, this phenolic/PMMA-b-PMAPOSS blend behaved as a blend of homopolymer C and immiscible A-b-
B diblock copolymer, where C is immiscible with B but interacts favorably with A; therefore, it displayed an order—order phase
transition with increased phenolic resin content. Hierarchical self-assembly led to the formation of hexagonally packed cylindrical

Lamellac PMMA Cylinder

f
PrMAPOSS

ABSTRACT: Manipulation of crystalline textures of biocompatible block
copolymers is critical for the applications in the medical field. Here, we present
the control of multiple-crystalline morphologies with flat-on chain orientation in
biocompatible poly(ethylene oxide)-block-poly(&-caprolactone)-block-poly(L-lac-
tide) (PEO—PCL—PLLA) triblock copolymer thin films using melt and solvent-
induced crystallizations. Only single-crystalline morphologies of the first-crystallized
blocks can be obtained in the melt-crystallized thin films due to the confinement
effect. With solvent annealing by PCL-selective toluene, single-crystalline PLLA to
double-crystalline PLLA/PCL and to triple-crystalline PLLA/PCL/PEO layered
crystals in sequence are observed for the first time. With the control of solvent
selectivity, different sequential crystallization involving first-crystallized PCL
transferring to double-crystalline PCL/PLLA is obtained using PEO-selective n-
hexanol for annealing. Surprisingly, the crystalline growth of the trilayered single crystal exhibits specific layer-by-layer epitaxial
relationship. As a result, the multiple-crystalline textures of the PEO—PCL~PLLA thin films can be carried out by controlling
solvent and polymer interaction.

PLLA-b-PCL-b-PEO

Apria
Epitaxial Growth of Trilayered Single Crystals

or lamellar nanostructures through microphase separation of the diblock copolymer segment, with POSS aggregates packing into
a hexagonal lattice oriented perpendicular to the direction of the nanostructures.

B INTRODUCTION

Diblock copolymers can form a number of self-assembled
nanostructures in the bulk state, including lamellae, gyroid,

In addition to the bIending of inorganic NPs with urganic/
organic block copolymers to form block copolymer/nano-
particle (BCP/NP) composites, interest in organic/inorganic
hybrid block copolymers has increased recently because the

B INTRODUCTION

Crystallization in block copolymers (BCP) has been drawn
intensive attention because of the capability in the control of
mechanical, biodegradable, biocompatible, and optoelectronic
properties.'~® Morphologies and the corresponding crystal
structures of semicrystalline BCPs consisting of a crystalline
block and an amorphous block have been well studied,”™"®

constructed a one-dimensional confined environment for the
subsequent crystallization of the PEO blocks in the PLLA—
PEO BCPs, resulting in the unchanged lozen§e-shaped PLLA
morphologies including with PEG crystals.”® Yang and co-
workers found that that the foregoing crystallization of the
PLLA block mainly determined the final morphologies in
PLLA—PEO BCPs using melt crystallization, giving rise to the

Institute of Applied Chemistry, National Chiao Tung University, Hsinchu 300, Taiwan
iDepartment of Materials and Optoelectronic Science, National Sun Yat-Sen University, Kaohsiung 804, Taiwan
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ABSTRACT: New supramolecular polypeptides have been pre-
pared through simple ring-opening polymerization and “click”
reactions. Postfunctionalization with diaminopyridine (DAP)
moieties, capable of multiple hydrogen bonding, was an efficient
approach toward forming a-helical-dominant polypeptides. The
physically cross-linked networks produced upon self-organization of
the DAP units increased the glass transition temperature (Tg) of the
polymers and sustained the secondary structures of the polypeptides.
Additional thermal responsivity resulted from dynamic noncovalent
bonding on the polymer side chains. Molecular recognition through
heterocomplementary DAP--thymine (T') base pairs was revealed spectroscopically and then used to construct poly(y-propargyl-
L-glutamate)-g-N-(6-acetamidopyridin-2-yl)-11-undecanamide/thyminylpyrene (PPLG-DAP/Py-T) supramolecular complexes.
Transmission electron microscopy images revealed that this complex was an efficient dispersant of carbon nanotubes (CNTs).
Indeed, it could disperse CNTs in both polar and nonpolar media, the direct result of combining two modes of secondary
noncovalent bonding: multiple hydrogen bonding and z—r interactions. Furthermore, CNT composites fabricated with
biocompatible polymers and high value of T, should enable the development of bio-inspired carbon nanostructures and lead the
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ABSTRACT: We describe a facile strategy, involving bio-
inspired noncovalent molecular recognition, for fabricating
‘water-dispersible luminescent polymer dots without any ionic
groups. We first synthesized the thymine-functionalized con-
jugated polymers PC-T and PTC-T through conventional Suzuki
coupling polymerization and copper(I)-catalyzed alkyne/azide
cycloaddition (CuAAC). These multiple-hydrogen-bonding
materials exhibited distinct luminescent properties in protic 1
and aprotic solvents as well as attractive thermal properties and e Complex
stabilities; most importantly, they had the ability to pair with

complementary base units. Next, we prepared the hydrophilic

polymer PEG-A and examined its molecular recognition with

PC-T and PTC-T through DNA-like adenine—thymine (A—T') base pairing. We used transmission electron microscopy (TEM)
and dynamic light scattering (DLS) to determine the size distributions and dispersibilities of the resulting supramolecular
micelles, which appeared as polymeric dots with high signal-to-background ratios through fluorescence microscopy. The PEG
shells of these micelles functioned as biomimetic surfaces that sustained the biocompatibility for practical usage. Our results
suggest that supramolecular self-assembly through specific nucleobase recognition appears to be a reliable process with which to

(by

Wateraoluble polymer dots
PTC-T as core and PEG as shell

Yat-Sen University, Kaohsiung, 804, Taiwan
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ABSTRACT: In this study a new type of bifunctional
phenolic compound based on a double-decker silsesquioxane
(DDSQ-BP) was synthesized from phenyltrimethylsilane and
then reacted (Mannich condensation) with allylamine and
CH,O to form a bis-allyl benzoxazine DDSQ. derivative
(DDSQ-BZ). The structures of these DDSQ derivatives were
confirmed using Fourier transform infrared and nuclear
magnetic resonance spectroscopy and MALDI-TOF mass
spectrometry. Highly thermally stable, transparent, and flexible
polybenzoxazine prepolymers were obtained after hydro-
silylation of DDSQ-BZ with polydimethylsiloxane (PDMS)
as the flexible segment; these materials were characterized using differential scanning calorimetry, thermogravimetric analysis,
microtensile testing, and UV—vis spectroscopy. The char yield of DDSQ-BZ-PDMS was 73 wt %, significantly higher than that of
a typical polybenzoxazine; in addition, DDSQ-BZ-PDMS displayed high flexibility and transparency after thermal curing.
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ABSTRACT: A new biocompatible triblock copolymer, o °
poly(e-caprolactone-b-ethylene oxide-b-y-benzyl L-glutamate) N(”\/V\/s“(o’\‘):\/‘(a i
(PCL-b-PEO-b-PBLG), has been prepared through sequential

ring-opening polymerizations, with two degrees of polymer- O/\“ °
ization for the PBLG block segment when using an amino- |
terminated PCL-b-PEO diblock copolymer as the macro- | PCLss-d-PEOwb-PBLGys
initiator. The hydrogen bonding strengths (interassociation
equilibrium constants) followed the order of phenolic/PEO
(K, = 264.8) > phenolic/PCL (K = 116.8) > phenolic/PBLG
(Kp, = 9.0), indicating that the phenolic OH groups preferred to interact with the C—O—C units of PEO block, then the C=0
units of PCL block, and finally with the C=O units of PBLG block. The hydrogen bonding behavior of these four competing
functional units could be predicted accurately using the Painter—Coleman association model. These competitive hydrogen

© Supporting Information

ABSTRACT: We used sequential anionic living polymerization to AhB, cbb A&D _B/C _A&D
synthesize poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) and poly- HCASALA LY
(vinylphenol-b-methyl methacrylate) (PVPh-b-PMMA) diblock m * % 3 phase
copolymers presenting various hydrogen bond donor or acceptor ohass ihase K~\

units. Upon blending with the miscible disordered PVPh-b-PMMA

diblock copolymers, we observed order—order morphological PVPH 5
transitions from the bicontinuous gyroid structure of pure PS-b- .
P4VP to lamellar, cylindrical, and worm-like structures, in a manner
strongly dependent on the concentration and vinylphenol content
of the PVPh-b-PMMA diblock copolymer. We took advantage of
competitive hydrogen-bonding interactions and AK effects between PVPh/P4VP and PVPh/PMMA domains when blending
immiscible A-b-B diblock copolymers with disordered miscible C-b-D diblock copolymers to form hierarchical self-assembled
nanostructures, including three-phase lamellar and core—shell cylindrical nanostructures.

Pave

PMMA -—

3

H INTRODUCTION Scheme 1. Cartoon Representations of the Self-Assembled

Structures Formed from (a) A-b-B/C (Two-Phase + One-

Yat-Sen University, Kaohsiung 80424, Taiwan
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ABSTRACT: We synthesized double-decker silsesquioxane (DDSQ)-functionalized benzoxazine (BZ) monomers from a
DDSQ_prepared with nadic anhydride (ND) through hydrosilylation (to form DDSQ-ND) and then its reactions with p-
aminophenol and o-aminophenol to form DDSQ-ND-p-OH and DDSQ-ND-0-OH, respectively. Four different DDSQ-

B INTRODUCTION

low flammability, low dielectric constant, low surface free

bonding interactions induced various miscibility behaviors and self-assembled hierarchical structures, ranging from the
hexagonally packed cylinder structure of a-helical conformation of PBLG block segment in the crystalline lamellar structure of

hexagonally packed cylinders, and body-centered cubic spheres,

single crystals with lozenge-spiral dislocation, lozenges, and

presence of inorganic NPs in block copolymers results in

depending on the relative volume fraction of the blocks, total
degree of polymerization, and Flory—Huggins interaction
parameter.”” The most frequently used diblock copolymers
for nanofabrication are organic/organic block copolymers such

properties that cannot be achieved in organic/organic block
copolymers. For example, a few organic/inorganic hybrid block
copolymers, including polystyrene-b-polydimethylsiloxane (PS-
b-PDMS)**** and polystyrene-b-polyferrocenylsilane (PS-b-

which can give crystalline templates for material disper-
sions.'” ™" Recently, double-crystalline BCPs possessing two
crystallizable blocks® such as poly(ethylene oxide)-block-
poly(e-caprolactone) (PEO—PCL),”'™** poly(i-lactide)-block-

hexagonal multilayers.”” Different from the polyester copoly-
mers, Wang and co-workers studied the poly(3-butylthio-
phene)-block-polyethylene (P3BT—PE) BCPs and found that

way toward their biomedical applications.

H INTRODUCTION

Self-assembly phenomena occur ubiquitously in nature and in
our daily lives." In addition, self-assembly has been incorpo-
rated in the design a variety of new functional materials,
extending the range of interesting structures beyond the
molecular level.” Although the self-assembly of molecules into
one-dimensional multicomponent structures has been known

As a result of their extended 7-electron systems and unique
one-dimensional structures, carbon nanotubes (CNTs) have
excellent optoelectronic, mechanical, and thermal properties.”
In addition, their behavior can be highly responsive to their
chemical or physical environment.'” These phenomena can be
used to fabricate nanoscale sensors that take advantage of
photoluminescence (PL) quenching effects arising from
molecular adsorption events on CNT surfaces.'’ Attempts to

as polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VDP),>~°
styrene-b-poly(methyl methacrylate) (PS-b-PMMA),”® and

poly- PFS),*® have received attention for their use in integrated

tensively 'mvestig ted due to their potential applications in the
medical fields.™~
crystalline BCPs, when the crystallization temperatures of both

M circuit processing. Several inorganic materials, including POSS
polystyrene-b-poly(vinylphenol) (PS-b-PVPh). Blending units, have been incorporated within organic/inorganic block
inorganic nanoparticles (NPs) into a block copolymer provides copolymers. POSS derivatives are inorganic block segments
the intriguing opportunity to engineer novel properties arising that constitute a family of molecularly precise and near-
from the particular electronic, optical, and magnetic properties isotropic materials.2”—3° Pyun and Matyjaszewskj31'32 used
of individual components.'*”** For example, Watkins et al."*"” atom transfer radical polymerization (ATRP) to synthesize
reported that high loadings of NPs based on functionalized methacryloyl POSS block copolymers (PMAPOSS) from a
polyhedral oligomeric silsesquioxane (POSS) are possible cyclopentyl-substituted POSS monomer and n-butyl acrylate.
within poly(ethylene oxide)-b-poly(propylene oxide)-b-poly- PMMA-b-PMAPOSS and P4VP-b-PMAPOSS through rever-
(ethylene oxide) (PEQ-b-PPO-b-PEQ) triblock copolymers. sible addition—fragmentation chain transfer (RAFT) polymer-
The presence of maleamic acid or aminophenyl ligands in ization were also widely reported.” We have previously used a
POSS NPs enabled selective hydrogen bonding with the PEO
domains, with further addition of the additive inducing an Received: October 27, 2014
order-to-order transition from cylindrical to spherical morphol- Revised: December 1, 2014
ogy. Published: December 11, 2014
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ABSTRACT: Covalent organic frameworks (COFs) are a family e ety e i
of crystalline porous networks having applications in various ‘ I H ‘ m
fields, including gas and energy storage. Despite respectable ; i . i
progress in the synthesis of such crystalline materials, examples of oncd o

the use of template-free methods to construct COFs having
hollow nano- and microstructures are rare. Furthermore, all
reported methods for synthesizing these hollow structural COFs
have involved [4 + 2] and [3 + 2] condensations. Herein, we
report the synthesis of hollow microspherical and microtubular
carbazole-based COFs through template-free, one-pot, [3 + 3]
condensations of the novel triamine 9-(4-aminophenyl)-carba-
zole-3,6-diamine (Car-3NH,) and triformyl linkers with various
degrees of planarity. Depending upon the monomer’s planarity, a
unique morphological variety was observed. A time-dependent
study revealed that each COF formed through an individual mechanism depended on the degree of planarity of the triformyl
linker; it also confirmed that the hollow structures of these COFs formed through inside-out Ostwald ripening. Our COFs

dx.doi.org/10.1021/ma502180¢ | Macromolecules 2014, 47, 87098721

poly(e-caprolactone) (PLLA—PCL),>'~>* poly(L-lactide)-block- the surfaces of the lozenge PE crystals are covered with the
LA ) ; : 38

poly(ethylene oxide) (PLLA—PEO),>** and poly(p-dioxa- P3BT layers to form the specific sandwiched morphology.’

none)-block-poly(e-caprolactone) (PPDX—PCL)*"* were ex- It is well-known that triblock copolymers are able to self-

assemble into various microphase-separated phases which are
3 For the crystallization in the double- significantly distinct from the typical phases found in diblock
copolymers. Because of the difficulty in the synthesis of triblock

blocks are similar such as PEO—PCL, the coincident copolymers, few studies about the crystallization effect on the
crystallization for the two blocks is obtained. When the self-assembled morphologies of the triblock copolymers were
crystallization temperature for one of the crystallizable blocks is reported especially for triple-crystalline block copolymers.™ In
remarkably different from the other such as PLLA—PCL and contrast to the diblock copolymers, the constituted sequence of
PLLA—PEQ, various crystalline conditions including one-stage the building blocks can also be discussed in the triple-crystalline
and two-stage crystallizations can be conducted through the BCPs. In this study, thin film crystallization of biocompatible
control of the crystallization sequence. Accordingly, the poly(ethylene oxide)-black-polz(f—caprolactone)-bluck-poly(L-
interactive crystallization of the crystalline blocks gives rise to lactide) (PEO—PCL—PLLA)"™ BCPs consisting of three
diverse crystalline morphologies in double-crystalline BCPs.
Some reports focused on the thin film crystallization of the Received: September 15, 2015
double-crystalline BCPs.”” For instance, Sun and co-workers Revised:  November 2, 2015
reported that the first-crystallized PLLA single crystal Published: November 23, 2015
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ABSTRACT: The enhancement of upconversion lumines-
cence (UCL) of rare earth doped upconversion nanoparticles
(UCNPs) in aqueous solution is particularly important and
urgently required for a broad range of biomedical applications.
Herein, an effective approach to achieve highly enhanced UCL
from NaYF,:Yb** Tm® UCNPs in aqueous solution is
presented. We demonstrate that UCL of these UCNPs can
be enhanced more than 10*-fold by using a mesoporous silica
low refractive index resonant waveguide grating (low-n RWG)
in contact with aqueous solution, which makes it well-suited
for biomedical applications. The structure parameters of the
low-n RWG are tuned via rigorous coupled-wave analysis
simulation to ensure strong local excitation field to form atop
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for decades, only recently have supramolecular polymers
attracted steadily increasing interest due to their unprecedented
and highly useful properties.” Among these supramolecular
polymers, polypeptides are particularly fascinating materials
because of their potential application in nanochemistry and
biomimetics (e.g., bioelectronics,” drug carriers,” tissue
engineering”). The protein-like structures of polypeptides,
which provide a link between chemistry and biology, can be
prepared under mild conditions with relatively simple

make practical use of these properties have been hampered,
however, by the surfaces of CNTs being highly polarizable with
large attractive intertubular van der Waals forces, leading to the
formation of extremely hydrophobic and insoluble aggregates
that greatly hinder their assemble into useful structures.
Substantial efforts have been exerted to develop strategies to
debundle or disperse CNTs. For example, covalent attachment
of polar groups or simple oxidation of CNTs can lead to slight

12

functionalization processes.” In addition, synthetic polypeptides improvements in their dispersibility in organic solvents.
can form unique hierarchically ordered structures: for example, Covalent surface moﬂiﬁcatian with polypeptides using  the
rigid-rod-like @-helices dominated by intramolecular hydrogen- “graft-from” approachm‘ and the application of CNT initiators
bonding interactions or f-sheet conformations stabilized for polymer synthesis ~ have also been proposed. Nevertheless,
through intermolecular hydrogen bonding. New properties the resulting changes in the sp>-to-sp® ratio can negatively affect
can also result when helical polypeptides are conjugated with

other functional units.® As a result, the continued design of Received: May 19, 2016

novel supramolecular architectures can lead to several Revised:  July 9, 2016

prospective applications. Published: July 22, 2016
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ABSTRACT: Measurements of an individual’s water metab-
olism dynamical information can provide us rich biological
information in a noninvasive way. This concept is hindered by
the trade-off between the sensitivity and responsive velocity of
traditional moisture sensors. Herein, inspired by the molecular
detecting system based on weak bond interactions in natural
organisms, we designed a new concept of a tunable graphene-
polymer heterogeneous nanosensing junction by confining a
reasonable thickness sensing material into graphene nano-
channels. The fundamentally new sensing mechanism based
on dynamical hydrogen bonds endows the sensor with over 4
orders of magnitude sensitivity toward a wide range of relative
humidity (RH) (from 0% to 97%) with unprecedented fast

apply conjugated polymers into, for example, modern biological analysis.

H INTRODUCTION

Over the past two decades, many well-organized nanostructures
have been fabricated from functional polymers. Self-assembly of
these specific materials has provided a diverse array of colloidal
architectures, including spherical micelles, vesicles, nanorib-
bons, and large compound micelles.'™'? Among them, micellar

structures have received considerable attention for their inter-
11—15

noncovalent interactions.”* ** Many nucleobase-functionalized
polymers displaying interesting supramolecular characteristics
have been prepared recently, taking advantage of this specific
recognition behavior.” Rotello et al. suggested the term “plug
and play” to describe systems with complementary base units
located in separate molecular chains.”” These systems can then
be introduced into polymer/small molecule and polymer/
polymer blends to extend the utility of the functional composite

The addition of polyhedral oligomeric silsesquioxane (POSS)
derivatives into polymer matrices has received much interest
recently because POSS nanoparticles (NPs) can enhance the
thermal stability, decrease the flammability, lower the density,
lower the thermal conductivity, increase the oxidation
resistance, and lower the surface free energy.' ® In general,
the architectures of polymer/POSS nanocomposites are
dependent on the functionality presented by the POSS NPs.”
In many cases, the POSS NPs are positioned at a chain end or
side chain using a monofunctionalized POSS compound.'*™"*
The addition of multifunctionalized POSS NPs into a polymer

energy, and flexible molecular design.*™* A typical type of
polybenzoxazine synthesized from bisphenol A, alanine, and
CH,0 displays a glass transition temperature (T,) of 180 °C.®
Techniques to enhance the physical properties of such
polybenzoxazines, by incorporating reactive functional units
(e.g, carboxyl, allyl, propargyl, or thymine groups) into the
benzoxazine monomers, have been examined widely.
addition, blending of various inorganic compounds (e.g, clays,
graphene, POSS, and carbon nanotubes) into benzoxazine
monomers has also been adopted to form polybenzoxazine
nanocomposites.”” > Nevertheless, these types of polybenzox-

34-36
In

their potential applications in pharmaceuticals and catalytic

micelles can be tuned bgr varying the molecular weight and the
21,2

exhibited high Brunauer—Emmett—Teller surface areas (up to ca. 1400 m* g'), excellent crystallinity, and high thermal
stability. Moreover, the CO, uptake capacities of these COFs were excellent: up to 61 and 123 mg g ' at 298 and 273 K,
respectively. The high surface areas facilitated greater numbers of strong interactions with CO, molecules, leading to high CO,
uptake capacities. Moreover, the prepared COFs exhibited redox activity because of their redox-active triphenylamine and
pyridine groups, which can be utilized in electrochemical energy storages. Accordingly, such hollow COFs having high surface
areas appear to be useful materials for industrial and biological applications.

KEYWORDS: hollow microsphere, hollow microtubule, carbazole, covalent organic framework, CO,, energy storage

the TiO, surface of the low-n RWG, where UCNPs are deposited. As the low-n RWG is excited by a near-infrared laser at 976
nm to match its guided mode resonance (GMR) condition, UCL emitted from UCNPs is greatly enhanced thanks to the strong
interaction between excitation local field and UCNPs. UCL emission of UCNPs can be further enhanced about two to four times
when the UCL emission condition (wavelength and angle) matches with the GMR condition. Furthermore, we show that the
presence of biotin molecules atop of the low-n RWG can be easily detected through UCL emission generated from streptavidin-
functionalized UCNPs with the help of the streptavidin—biotin specific binding. The results indicate that the low-n RWG has
high potential for UCL biosensing and bioimaging applications.

KEYWORDS: guided mode resonance, low refractive index material, resonant waveguide grating, upconversion luminescence,
upconversion nanoparticles

are earth (RE) ions doped upconversion nanoparticles emission line, large anti-Stokes shifts, long luminescence

response (20 ms) and recovery times (17 ms) with little humidity hysteresis. The promising advantages of the sensor allow us to
record humidity fluctuation information in real time during a user’s speech and breath, which can both reveal the speech feature
and monitor the respiration rate accurately. Importantly, this advanced sensor provides a new opportunity for accurate and
reliable physiological and psychological monitoring by detecting the subtlest RH fluctuations on human skin in a noncontact

way.

B INTRODUCTION

Recently, wearable health monitoring devices are increasingly
appealing in modern electronics, because they are capable of
continuously recording physiological biomarkers of an individ-
ual human. Over the past decade, a large number of powerful

humans’ metabolism processes. Therefore, it is practically
feasible to obtain physiological and psychological information
on an individual through real-time monitoring of the content
and distribution of water molecules around the human skin
surfaces and exhaled air.'*”'® However, this promising approach
has been neglected for wearable health monitoring applications

1. INTRODUCTION

the crystallinity, structure, and properties of the formed COFs.

(UCNPs) have attracted great attention over the past
decade due to their unique upconversion luminescence (UCL)
properties. UCNPs can be excited by near-infrared (NIR) light

lifetimes, deep penetration in tissue, biocompatibility, low
toxicity, and water solubility.' — Various types of highly efficient
UCNPs have been developed; with a typical one comprises

wearable devices have been developed.'™ However, most of
them can only enable real-time monitoring of an individual’s

for a long time, because there exist critical challenges of

esting behavior under various solvent conditions and for

chemistry.'™"® In particular, the hydrophilic shell of a micelle
can function as a hydration barrier that stabilizes the entire
system against the external medium.'” The stability of micelles
assembled from block copolymers is typically greater than that
of small molecule micelles.” The morphologies of polymeric

. . . 30-32
materials in diverse fields.

o 33,34
solution parameters. Accordingly, the flexibility of molec- emitting abilities.

emissive polymer dots (Pdots) have been demonstrated

One of the most famous examples of self-assembly in nature

materials. Taking advantage of the dynamic interactions and
adaptable features of plug-and-play systems, we can use many
synthetic strategies to access smart polymers or biologically
relevant substances that have the potential to become useful

Conjugated polymers are used extensively in materials sci-
ence because of their semiconducting properties and light-
A wide range of applications has been

ular design has opened up a variety of routes for preparing proposed for conjugated polymers in displf technologies,

polymeric assemblies, thereby increasing scientific innovation
for many fundamental and clinical purposes.

organic photovoltaic devices, and sensors.” Furthermore,

as

efficient fluorescent probes in the life sciences. Because of the

is that performed by the nucleic acids (DNA, RNA), which are ready tunability of the respective comonomers, conjugated
constructed from five basic nucleobases: adenine (A), cytosine
(C), guanine (G), thymine (T), and uracil (U). The recognition Received: July 17, 2017
of native nucleobase pairs (A—T, A—U, C—G) is particularly Revised:  September 2, 2017
selective and specific and considerably stronger than most other Published: September 11, 2017

ACS Publications @ 2017 American Chemical Society 7091 DO 10.1021/acs.macromol. 7601516
i Macromolecules 2017, 50, 70917101

& Cite This: ACS Naneo 2019, 13, 4368-4378 WWww.acsnano.org

Hydrophilic/Hydrophobic Interphase-
Mediated Bubble-like Stretchable Janus
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ABSTRACT: As promising candidates for intelligent
biomimetic applications similar to living organisms, smart
soft materials have aroused extensive interest due to their
extraordinarily designable structures and functionality.
Herein, a bubble-like elastomer-based electronic skin that
can be pneumatically actuated is achieved through hydro-
philic/hydrophobic interphase mediated asymmetric func-
tionalization. The asymmetric and controllable introduc-
tion of elastic polydimethylsiloxane into the carbon
nanotube film at the air/water interface can endow the Pd ‘/, = IR
Janus ultrathin film with tunable conductivity, self- #m & ‘o— B
adhesivity, self-adaptivity, and even self-sealing properties.

As a result, the Janus films can be employed as

multifunctional electronics, including self-adhesive strain sensing/thermal managing devices and even noncontact
mechanical sensors as artificial eardrums for tiny air-pressure detection. Significantly, these excellent features can further
enable the integration of actuating and sensing functions. As a proof of concept, the Janus film can serve as a self-
supported device to simultaneously imitate the controllable contracting/expanding behaviors of the vocal sac of frog and
monitor the real-time current change in this process, demonstrating significant potential in smart bionic applications.
KEYWORDS: hydrophilic/hydrophobic, bubble-like stretchable film, self-adhesive/self-adaptive, pneumatic,

multifunctional electronics

Bunry Ratsasng

oft materials, targeting smart and safe interactions with the biomimetic behaviors through contraction, expansion, and

humans, are emerging as indispensable Wit]'ll t?_me rapid more complicated motions."*'” The soft muscle-like elas-
- e .

development of artificial intelligence devices. ™" Specif- tomers enable switchable actuating transformation from a two-

matrix usually results in insoluble cross-linked polymers; only a
low content of POSS NPs is generally necessary when they
present more than two functional units.'®™'® As a result, the
incorporation of main-chain-type POSS units from bifunction-
alized POSS NPs is an important grocedure for developing new
polymer/POSS nanocomposites,
polymerization of polyimide (PI),
and polybenzoxazine (PBZ)>" systems.

resins (prepared through Mannich condensations of primary
amines, phenolic derivatives, and CH,0) that display physical
properties superior to those of transitional epoxy or phenolic
resins due to their strong intramolecular hydrogen bonding
after thermal curing.”

azines can still display brittleness and opacity after thermal
curing.

The opacity and dark brown color of polybenzoxazines after
thermal curing arises from carbonyl-containing units, namely
2,6-disubstituted benzoquinone units released from the
isopropylidene linkages through cleavage and oxidation.** In
this study, we prepared a bifunctional phenolic compound
based on a double-decker silsesquioxane (DDSQ-BP) (Scheme
la—e) to eliminate the possibility of forming a 2,6-disubstituted
benzoquinone. Next, we prepared a bis-allyl benzoxazine
DDSQ derivative (DDSQ-BZ) through Mannich condensation
(Scheme 1f) and then formed, through hydrosilylation, a highly
thermally stable, transparent, and flexible polybenzoxazine

920 aspecially for step-growth

21,22 polyurethane (ru),**

Benzoxazine monomers are new types of thermosetting

5-29

Another attractive feature of

benzoxazine monomers is that they can undergo thermal Received: May 24, 2017
curing without a catalyst to form polybenzoxazines that also Revised:  July 11, 2017
have many excellent properties, including high thermal stability, Published: July 20, 2017
ACS Publications  © 2017 american Chemical Society 5739 DOI: 10.1021/acs.macromol 7501085
v Macromolecules 2017, 50, 57395747

the PCL block segment to a miscible ordered structure upon increasing phenolic concentrations in the phenolic/PCL-b-PEO-b-
PBLG blend system.

Bl INTRODUCTION

capable of competitive hydrogen bonding, has rarely been
examined for their corresponding self-assembled structures and

Diblock copolymer/homopolymer blends having the form A-b-

morphological transitions. For example, Guo et al. reported

B/C, stabilized through hydrogen bonding where the

homopolymer C interacts with either the A or B block
segments, have been investigated widely in polymer science for
their unusual self-assembled structures.

various composition-dependent self-assembled structures, in-
cluding spherical, cylinder, and lamellar structures, in poly-
24 have found that (ethylene oxide-b-4-vinylpyridine-b-styrene)/poly(vinylphenol)

the hydrogen bonding strength, which can be characterized by

blends.** Other previous studies also employed poly(styrene-b-

The self-assembly of diblock copolymers (A-b-B) into, for
example, lamellar, cylinder, double-gyroid, and spherical
nanostructures has possible applications in nanotechnology,
photonic crystals, and drug delivery.'~* Nevertheless, control-
ling the volume fractions of the blocks with different molecular
weights through living polymerization can be complicated and
time-consuming; accordingly, blending a homopolymer C into
a diblock copolymer, with stabilization through hydrogen
bonding, has become a preferred method for varying volume
fractions and, thereby, preparing well-defined self-assembled
nanostructures.”~ Four different systems have been reported,
either theoretically or experimentally, for such A-b-B/C blends

Phase Becomes Two-Phase), (b) A-b-B/C-b-D (Two-Phase
+ Two-Phase Becomes Three-Phase), and (c) (b) A-b-B/C-
b-D (Two-Phase + One-Phase Becomes Three-Phase)
Blends

A B/C
(a) A-b-B c
AnSIN
m + 2 phase
(i ¥V
2 phase 1 phase
®) A-b-B C-b-D A&D B/C A&D

functionalized BZ monomers were prepared through reacting DDSQ-ND-p-OH and DDSQ-ND-0-OH with CH,O and either
aniline or allylamine: pBDDSQ-AN, pBDDSQ-AL, 0BDDSQ-AN, and oBDDSQ-AL. All of these polybenzoxazine (PBZ)/

the ratio of inter- and self-association equilibrium constants
(Ky/Ky), is a key factor determining which self-assembled
structure forms when the C homopolymer is miscible only with
the B block segment (ie., when C is immiscible with the A
block segment).”™” We and Guo et al. have also proposed that
different hydrogen bonding strengths (i.e., different values of
K, and K¢) lead to different composition-dependent self-
assembled structures when the homopolymer C interacts with
both A and B block segments.*™"*

In addition to diblock copolymers, ABC triblock copolymers
can also form self-assembled hierarchical structures—including
three-phase lamellar structures, alternative spherical structures,

to obtain highly ordered mesoporous carbons.**™**

the PE, PI, or PS block segment.

ethyl acrylate-b-ethylene oxide), poly(styrene-b-methyl meth-
acrylate-b-ethylene oxide), poly(polystyrene-b-2-vinylpyridine-
b-ethylene oxide), poly(ethylene—ethylene oxide-b-¢-caprolac-
tone), and poly(ethylene oxide-b-styrene-b-isoprene) as
templates blended with resol-type phenolic as a carbon source
Here, the
phenolic or poly(vinylphenol) homopolymer (homopolymer
D) only shows miscible with one or two block segments (e.g.,
P4VP, P2VP, PEO, PCL, PEMA, or PMMA block segments)
through hydrogen bonding; however, it was immiscible with

and core/shell cylindrical structures—and have received much Received: January 14, 2018
recent interest.”” *' Unlike A-b-B/C blends, however, the Revised: ~ March 31, 2018
blending of ABC triblock copolymers with homopolymers D, Published: April 6, 2018
ACS Publications  © 2018 American Chemical Society 3017 DOL: 10.1021/acs.macromol.8b00087
<7 Macromolecules 2018, 51, 3017-3029

featuring hydrogen-bonding interactions." >* In general, only LV Ve /\J‘LQM
typical self-assembled structures (e.g., lamellar, cylinder, % e m 1) < Ls 3 phase
double-gyroid, and spherical nanostructures) have been S SN W%W
observed from the microphase separation of diblock 2 phase o i A R
copolymers in A-b-B/C blends, forming so-called two-phase
systems (Scheme 1a). For example, the structures formed from e s
poly(styrene-b-vinylphenol) (PS-b-PVPh) blended with poly- . ’L/;\l}iﬂ oen A&D BC 8D
vinylpyrrolidone (PVP), poly(4-vinylpyridine) (P4VP), poly- m & ﬁ
(2-vinylpyridine) (P2VP), polycaprolactone (PCL), and poly- R e 2plase
(methyl methacrylate) (PMMA) homopolymers;”''~"* poly- kM
(isoprene-b-2-vinylpyridine) (PI1-b-P2VP), PS-b-P2VP, and PS- 2 phase I phase
b-P4VP blended with phenolic® and PVPh homopolymers;”'’
PCL-b-P2VP and PCL-b-P4VP diblock copolymers blended
with PVPh, phenolic, and phenoxy homopolymers;'*~>" and
PVPh-b-PMMA and PVPh-b-PCL blended with PVP homo- Received: April 9, 2018
polymers*>*® have all been reported from experimental Revised:  July 31, 2018
observations.”*** Published: August 15, 2018

ACS Publications  © 2018 American Chemical Society 6451 DOI: 10.1021/acs.macromol.8b00751
b Macromolecules 2018, 51, 6451-6459

DDSQ hybrids exhibited high thermal stability and high char yields after thermal curing, based on thermogravimetric analysis
(TGA), because the DDSQ_inorganic nanoparticles were dispersed homogeneously in the PBZ matrices, as evidenced using
electron microscopy. For example, the thermal decomposition temperature (T;) and char yield of pPBDDSQ-AN after thermal
curing at 270 °C were 521 °C and 75 wt %, respectively. More interestingly, the char yield of the ortho-substituted 0oBDDSQ-
AN increased from 72.7 wt % prior to thermal treatment to 76.0 wt % after thermal treatment at 450 °C, indicating that the
polybenzoxazole may have formed after such thermal treatment to increase the char yield, which was higher than that of the
para-substituted pPBDDSQ-AN.

B INTRODUCTION

Benzoxazine (BZ) chemistry has received much attention
during recent years because of the flexible molecular design,
high dimensional stability, stable dielectric constants, good
flame retardancy, and low surface free energy after thermal
curing—properties that are not observed in traditional epoxy
or phenolic resins.'™'' BZ derivatives are six-membered
heterocyclic monomers featuring nitrogen and oxygen atoms
in the oxazine ring; they are synthesized through facile
Mannich condensations from phenolic derivatives, primary
aromatic or aliphatic amines, and CH,O, in various solvents. A
BZ monomer can undergo self-cross-linking through thermal

example, introducing allyl or alkynyl units into the BZ

2

19—
network structure;

26—
systems,‘b %

30-35
black,”” carbon nanotubes,**™3*

been tested to enhance the thermal stability of PBZs. For

monomers can enhance the cross-linking density of the 3D
° with this approach, the resulting PBZs
can exhibit higher glass transition temperatures, superior
mechanical properties, and greater solvent resistance. Alter-
natively, blending with other polymers can form miscible blend
or blending with inorganic nanomaterials can
vary the thermal properties through decreasing chain mobility.
The most widely reported inorganic nanomaterials used to
form PBZ hybrids have been carbon-based (e.g, carbon
and graphene®™ %) and

& - 7 39,40

ring-opening polymerization to form a polybenzoxazine (PBZ) sxlxcon.-l.)ased 4(19_-%! polydlmethylsﬂoxaf\e (I’DMS), Danos

having a three-dimensional (3D) cross-linked structure, clay silicates, and polyhedral oligomeric silsesquioxane

without releasing any byproducts.'>™"”

Unfortunately, PBZs have limited applications at relatively Received: October 14, 2018

high temperatures because their C=N—C bonds readily break Revised:  November 14, 2018

at temperatures higher than 260 °C."" Several strategies have Published: November 21, 2018

v ACS Publications  © 2018 American Chemical Society 9602 DOI: 10.1021/acs.macromol.8b02207
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@C“’“M”k Significant piezoelectric and energy harvesting
enhancement of poly(vinylidene fluoride)/

6835 - polypeptide fiber composites prepared through
near-field electrospinning¥

Cite this: J. Mater. Chemn. A, 2015, 3,

Cheng-Tang Pan,? Chung-Kun Yen,® Hui-Chun Wu,? Liwei Lin,® Yi-Syuan Lu,®
Jacob Chih-Ching Huang® and Shiao-Wei Kuo*©

In this study we applied near-field electrospinning (NFES) to prepare ordered poly(vinylidene fluoride)
(PVDF)/poly(y-methyl L-glutamate) (PMLG) composite fibers displaying enhanced piezoelectricity. Using
Fourier transform infrared (FTIR) spectroscopy and differential scanning calorimetry (DSC), we analyzed
the miscibility, specific interactions, and secondary structures of the PVDF/PMLG composites. The NFES
process improved the piezoelectric properties of the PMLG/PVDF composites, resulting in better
orientation of their dipoles, a high ultimate stress (27.47 MPa), and a high Young's modulus (2.77 GPa), as

determined through micro-tensile testing. After patterning PVDF/PMLG piezoelectric composite fibers
onto a polylethylene terephthalate)-based structure with parallel electrodes, we obtained a flexible
PVDF/PMLG energy harvester that could capture ambient energy with a maximum peak voltage of 0.08
V, a power of 637.81 pW, and the energy conversion efficiency is 3.3%. The electro-mechanical energy

Received 7th January 2015
Accepted 10th February 2015

conversion efficiency of this PVDF/PMLG energy harvester was up to three times higher than those of

pristine individual PVDF and PMLG energy harvesters. Such PMLG/PVDF piezoelectric composite fibers

DOI: 10.1039/c5ta00147a

www.rsc.org/MaterialsA

Introduction

Although batteries are common as embedded power supplies
in conventional wireless devices, they have only a finite
amount of energy, a limited life, and result in potentially
hazardous chemical pollution.'™* Accordingly, much research
effort has been exerted to improve the size, weight, power
density, economical efficiency, and environmental friendli-
ness of power sources. Recent advances in electro-mechanical
technology have led to rapid growth in demand for means of
powering sensors. Because vibration is ubiquitous in real
environments, the conversion of ambient mechanical vibra-
tion to electrical energy appears to be one of the most poten-
tially useful methods for powering wireless sensors without
the generation of the hazardous byproducts associated with

exhibiting good piezoelectricity and good mechanical properties might have applicability in several fields,
including biomedical engineering, green energy, wearable sensors, and energy harvesting.

other forms of power generation.>® In addition, the power
source would not need to be replaced or occasionally replen-
ished with fuel, unlike batteries. Vibration-based energy
harvesters incorporating piezoelectric materials that harvest
environmentally random energy (e.g., irregular vibrations,
light airflow, human activity) have attracted considerable
attention. Vibration energy harvesters or energy scavengers
recover mechanical energy from their surrounding environ-
ments and convert it into useable electricity to drive micro-
watt-scale powered electronics.

Piezoelectric materials are powering transducers possessing
crystalline structures, which provide the materials with the
ability to transform mechanical strain energy into electrical
charge. This captured energy can then be used to prolong the
life of the power supply.” Near-field electrospinning (NFES)*” is
a method that can be used to fabricate controllable fibers

Covalent organic frameworks (COFs) are a new family of

Relative to amorphous porous polymers, COFs appear to have

physical activities and some vital signs (such as respiration rate,

traditional humidity sensors for humidity fluctuation detecting,
such as humidity hysteresis, stability, narrow sensing range, and

ically, stretchable and flexible conductive elastomers have

dimensional (2D) planar surface to a three-dimensional (3D)

attracted tremendous consideration during the past few years

superior utility in various applications in the fields of

crystalline porous organic polymers, possessing lightweight,
periodic structures, high surface areas, high thermal stability,
and specific pore size distributions.'™ COFs can form either

1 . 4 d . 5,6
optoelectronics,” gas storage and separation,

proton
. 7 . 8 . 9,10 A 11
conduction,” sensing,” catalysis,” " drug delivery, " membrane

two-dimensional (2D) or three-dimensional (3D) structures

under dynamic control. For 2D-COFs, the dynamic interplay Received: December 14, 2018
between covalent bond formation and noncovalent (z- Accepted: February 8, 2019
stacking) interactions plays an important role in controlling Published: February 8, 2019
ACS Publications @ 2019 American Chemical Society 9343 DOI: 10.1021/acsami.8b21867
v ACS Appl. Mater. Interfaces 2019, 11, 9343-9354

and emit ultraviolet—visible luminescence with higher photon
energy through a multiphoton absorption process.' > UCNPs
are particularly suitable to be used as photonic biomarkers in
bioimaging and biosensing applications’~® because they do not
have the problems like photobleaching and autofluorescence
that most traditional fluorophores encounter. In addition,
UCNPs can provide advantages such as good photostability,
low scattering, no blinking, high signal-to-noise ratio, sharp

< ACS Publications  © 2018 American Chemical Society 3263

sodium yttrium fluoride (NaYF,) host codoped with ytterbium
(Yb**) sensitizer ions and activator ions, for example, erbium
(Er**), thulium (Tm?"), or holmium (Ho**).”™ However, up
to now, UCL quantum yields of RE ions doped UCNPs are
rather low,'” especially in aqueous solution, which limits them

Received: April 16, 2018
Published: May 14, 2018

DOI: 10.1021/acsphotonics.8b00494
ACS Photonics 2018, 5, 3263-3271

skin temperature and relative humidity, heart rate, and brain

activity) by direct physical contact with applied pointers but fail the trade-off between the sensiti\l'iqt_y’;md responsive velocity of
to provide insight into the users’ health state at molecular levels the traditional moisture sensors, "™~ which further hampered
by noncontact and real-time detection of certain gas molecules the real-time detection of this weak and dynamical biological
diffusing from the human body.”~"" Water is an indispensable
substance to life on Earth and plays a vital role in human health. Received: April 16, 2018
In this regard, water molecules can be suitable candidates of Revised:  June 10, 2018
signal source, because of their extremely important role in most Published: June 11, 2018

ACS Publications  © 2018 American Chemical Society 4343 DOL: 10.1021/acs.chemmater.8b01587
A4 Chem. Mater. 2018, 30, 4343-4354

expandable surface, demonstrating a wide range of interesting

owing to their significant and broad applications in 16,18

stretchable/flexible electrodes,”™ mechanical sensing,'”"! applications, N ) .
soft rabots, > et Typical cxamples of elastomers have In nature, soft tissues can adapt themselves to dynamic

served as not only ideal supporting targets but also active environments in a real-time feedback and quick stimuli-
components to manipulate the conductive pathway embedded

in the sensing devices."""® In addition, elastomers with Received:  December 19, 2018
ultrathin thickness could also be employed to function as Accepted:  April 10, 2019
pneumatic camouflaging skins or robotic actuators to imitate Published: April 10, 2019
ACS Publications  © 2019 American Chemical Society 4368 DOI: 10.1021/acsnano.8b09600
-4 ACS Nano 2019, 13, 43684378
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having diameters ranging from a few micrometers down to a
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Strategic design of triphenylamine- and
triphenyltriazine-based two-dimensional covalent

19532 organic frameworks for CO, uptake and energy

storaget

Ahmed F. M. EL-Mahdy,?® Cheng-Han Kuo,® Abdulmohsen Alshehri,©
Christine Young,® Yusuke Yamauchi, £ ¢f Jeonghun Kim (& *¢ and Shiao-Wei Kuo & *2

Hexagonally ordered covalent arganic framewaorks (COFs) are interesting new crystalline porous materials
that have massive potential for application in gas storage. Herein, we report the synthesis of two series
of two-dimensional hexagonally ordered COFs—TPA-COFs and TPT-COFs—through one-pot
polycondensations of tris(4-aminophenyllamine (TPA-3NH:) and 2,4,6-tris(4-aminophenyl)triazine (TPT-

3NHz), respectively, with triarylaldehydes featuring different degrees of planarity, symmetry, and nitrogen
content. All the synthesized COFs exhibited high crystallinity, large BET surface areas (up to 1747 m? g~ %),
excellent thermal stability, and pore size distributions from 1.80 to 2.55 nm. The symmetry and planarity
of the monomers strongly affected the degrees of crystallinity and the BET surface areas of the resultant
COFs. In addition, these COFs displayed excellent CO, uptake efficiencies of up to 65.65 and 92.38 mg
g ! at 298 and 273 K, respectively. The incorporation of the more planar and higher-nitrogen-content
triaryltriazine unit into the backbones of the TPA-COFs and TPT-COFs enhanced the interactions with
CO;, leading to higher CO, uptakes. Moreover, the synthesized COFs exhibited electrochemical

Received 22nd May 2018
Accepted 12th September 2018

properties because of their conjugated structures containing redox-active triphenylamine groups. This

study exposes the importance of considering the symmetry and planarity of the monomers when

DOI: 10.1039/c8ta04781b

designing highly crystalline COFs; indeed, the structures of COFs can be tailored to vary their

rsc.lifmaterials-a functionalities for specific applications.

Introduction

The past few years have witnessed the synthesis of various
collections of covalent organic frameworks (COFs)."* These
covalently bonded frameworks are porous organic materials that
have light weight, highly crystalline, and highly porous; most
importantly, however, their chemical structures can be designed
and modified using organic synthesis to ensure desired func-
tions. Thus, they have garnered great attention for their diverse

“Department of Materials and Optoelectronic Science, National Sun Yat-Sen
University, Kaohsiung 80424, Taiwan. E-mail: kuosw@faculty.nsysu.edic. tw
*Chemistry Department, Faculty of Science, Assiut University, Assiut 71516, Egypt
“Department of Chemistry, King Abdulaziz University, P.O. Box. 80203, Jeddah 21589,
Saudi Arabia

application in gas storage and separation,® chemical
sensing,* ! catalysis,”'* membrane separation,'” environmental
remediation,' energy storage,"”** drug delivery,™>* and elec-
tronic devices.? The discovery of new covalent bonds suitable for
the construction of highly crystalline organic frameworks
remains a challenge. Reported methods for the construction of
COFs have depended on the formation of strong covalent bonds
through a reversible condensation strategy using, for example,
boronic ester formation,”* Schiff base (imine) condensation
of aromatic amines and aromatic aldehydes,** triazine poly-
merization,”* and azodioxide formation.® Among these
approaches, imine condensation has been particularly widely
used for the synthesis of various COFs having a range of crys-
tallinities and porosities, mainly because of the high stability of
imino bonds and the wide availability of monomers containing
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Stimuli-responsive supramolecular conjugated
polymer with phototunable surface relief gratingy

Cheng-Wei Huang, Wen-Yu Ji and Shiao-Wei Kuo @ *

We have used a facile method to prepare azobenzene- and (bio-inspired) thymine (T)-functionalized con-
jugated copolymers (PTCAz-T) through Suzuki coupling polymerization and click reactions. The glass

transition temperature of PTCAz-T is increased after performing the click reactions, compared with that
of its precursor T-free PTCAz-N3 conjugated copolymer, because the strong T-T interactions restricted
the molecular motion, decreased the free volume, and provided a more stable morphology. The presence
of the azobenzene units in the main chain of the conjugated polymer presenting the T units resulted in
amorphous phase behavior without macro-phase separation, and allowed the preparation of homo-
geneous photo-controllable thin films exhibiting stimuli-responsive behavior through photo-induced
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trans-to-cis isomerization.

In addition, we use the conjugated copolymer PTCAz-T to prepare surface

relief gratings displaying long-range-ordered interference patterns. Thus, such materials have potential
applications in optical storage media while also providing a pathway for further supramolecular

potentially resulting in significant changes in dipole moment,
visual color, and molecular orientation.”” Such geometric

Stimuli-responsive polymers have received much interest for changes provide azobenzene-containing materials with many
their uses in biosensing, actuators, and drug delivery because applications in micropatterning, light-triggered nanocarriers,

of their unique surface properties and self-assembly host/guest materials, and optical storage media.

23-32

behavior." * Supramolecular materials inspired by Nature are The photoresponsive behavior of azobenzene-functiona-
useful tools for molecular designs mediated through noncova-  lized materials can, therefore, be used for polarization holo-
lent interactions (e.g., ionic, coordinate, and hydrogen graphy or data storage. Accordingly, azobenzene-containing
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Directly synthesized nitrogen-doped microporous
e e perm crem oo CArbons from polybenzoxazine resins for carbon
ite Is: Folym. em., .8, - -

5481 dioxide capturef

‘ '.) Check for updates

Jia-Yu Wu, Mohamed Gamal Mohamed and Shiao-Wei Kuo (& *

In this study, nitrogen-doped microporous carbons, with potential use as capturers for CO,, were syn-
thesized directly from two new benzoxazines (BZCN and BZPh)—prepared from two phenols (phenol and
4-cyanophenol, respectively), CH,O, and 1,3,5-tris(4-aminophenoxy)benzene (TPhA)—through thermal
curing, carbonization, and KOH activation. FTIR and NMR spectroscopy confirmed the corresponding
chemical structures; temperature-dependent FTIR spectroscopic and DSC analyses revealed the thermal
curing behavior of the ring opening polymerizations of these two new benzoxazine monomers. Of the
two benzoxazines, the nitrile-functionalized benzoxazine BZCN, derived from 4-cyanophenol, exhibited
—after thermal curing, carbonization, and KOH activation—enhanced thermal properties, cross-linking
density, and CO, capture, based on thermogravimetric analysis, dynamic mechanical analysis, and
Brunauer—Emmett—Teller (BET) analysis. Analyses using Raman spectroscopy, wide-angle X-ray diffrac-
tion, transmission electron microscopy, the BET method, and X-ray photoelectron spectroscopy provided
information about the microporous structures and surface areas of these two highly ordered microporous
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raw materials containing N atoms.'*'® Several reported

N-containing porous carbons have displayed enhanced CO,
Porous carbon materials with large surface areas and pore capture ability, with the most approaches for their preparation
volumes are environmentally friendly materials having great involving the use of N-containing polymers (e.g., poly-
potential in electrochemical energy storage (e.g., lithium-ion acrylonitrile, polyaniline, polypyrrole, polyindole) as carbon

Introduction

bonds).** Hydrogen-bonded supramolecular polymers featur-
ing DNA-like guanine (G), cytosine (C), thymine (T), and
adenine (A) nucleobases have been used to prepare biomimetic
materials and extend the applications of traditional
polymers.” >

Conjugated polymers have been used extensively in
materials science; their light-emitting ability and semiconduct-
ing properties have been particularly applicable in organic
photovoltaic devices, display technologies, and optical storage
media.”*”"” In addition, the photoresponsive behavior of azo-
benzene derivatives is readily exploitable in photoswitching

conjugated polymers are also suitable candidates for appli-
cation in holographic storage.”®** Nevertheless, because of
relatively low glass transition temperatures (7,), some azo-
benzene-functionalized polymers and related compounds
possess poor thermal stability, which must, therefore, be taken
into account when designing responsive systems.’?
Furthermore, an additional criterion for photoinduced mass
migration is a sufficiently strong interaction between the
chromophore and the conjugated polymer backbone through
covalent or noncovalent bonding (e.g., hydrogen bonding).”

As a result, we prepared azobenzene- and T-functionalized

batteries), supercapacitors, and gas storage (e.g., SO, adsorp-
tion and CO, capture) applications.'™® In addition, nitrogen
(N)-containing porous carbon materials have been the subject
of considerable research efforts for the past three decades ever
since it was discovered that the introduction of N heteroatoms
can enhance the polarity and improve the chemical properties
favorable for CO, capture;”'' that is, N-containing porous
carbon materials are stronger Lewis bases that interact more
strongly with acidic CO, gas and, thereby, enhance the adsorp-
tion capacity.'*"?

Several approaches have been reported for the preparation

precursors.'”*® In addition to those N-containing organic

polymers, a new class of thermosetting polymers, polybenzoxa-
zines, have N atoms and display high char yields and high
thermal stability, with the attraction of flexible molecular
design.”* ! Many reports describe the improved performance
of polybenzoxazines after incorporating reactive functional
groups that increase their crosslinking densities.** 7
Nevertheless, only a few reports describe the preparation of
polybenzoxazines as carbon precursors. For example, Hao and
co-workers used poly(benzoxazine-co-resol) polymers to
prepare N-containing porous carbons displaying excellent CO,

applications.'®*! Azobenzene compounds can photo-isomer- conjugated polymers, through Suzuki coupling polymerization
ize reversibly, with trans-to-cis isomerization induced by UV  and click reactions that form stimuli-responsive materials that

of N-containing porous carbon materials, including (i) reac- capture ability,”® while Li et al. developed a polybenzoxazine

irradiation (wavelength: ca. 350 nm) and cis-to-trans isomeriza-

operate through a combination of covalent and noncovalent

tions of porous carbons with N-containing materials (e.g.,
melamine), (ii) co-carbonizations of N-containing materials

from a nitrile-functionalized benzoxazine monomer (prepared
from melamine, -CH,O, and 4-cyanophenol) which also
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natural polymers, polymer alloys, polymer composites, as well
as electrospun fibers of the polypeptide poly(y-benzyl-L-gluta-
mate) metals and ceramics."" These electrospun fibers are
particularly attractive because of their high porosity, small
diameter, excellent pore interconnectivity, and high surface-to-
volume ratio.'”
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One of the greatest attractions of COFs is that their struc-
tures can be controlled by varying their organic monomers.*” %
Nevertheless, controlling the crystallinity and porosity of a COF
remains challenging.’” Previous reports have suggested that the
porosity and crystallinity of COFs can be enhanced through the
use of three methods. First, the crystallinity of COFs has been

This journal is © The Royal Society of Chemistry 2018

tion by harmless visible light or heat, with both processes interactions in this study. In a previous study, we found that
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the light emitting ability featuring an arylamine backbone led
to a remarkable enhancement.'® Therefore, we incorporated
azobenzene units in the main chain of this kind of conjugated
polymer (PTC) to enhance the surface-modulation depth

FTIR and NMR spectra for monomers are shown in Fig. $1-59. See DOL 10.1039/ during trans-to-cis isomerization under UV light and, there-
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after, increase the diffraction efficiency. In addition, the com-
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with N-free precursors, and (3) direct carbonizations of exhibited outstanding CO, capture ability.>*™"'

In this study, we replaced the melamine used by Li et al.
with 1,3,5-tris(4-aminophenoxy)benzene (TPhA) as the amine
! : s S derivative for the synthesis of the benzoxazine monomer,
and Sup lecular Materials, [ Sun Yat-Sen University, Kaohsiung, 804, . .
Taiwan. E-mail: kuosw@faculty.nsysu.edu.tw expecting that the larger molecular size of TPhA would result
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