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Summary

The ability to produce monodisperse nanocrystals with stable and tunable surface
chemistry is of key importance to render investigation into their size- and shape-dependent
physical properties and thus an array of applications including electronics, photonics, catalysis,
sensors, energy storage, information technology, bionanotechnology, etc. In this context, nonlinear
block copolymer nanoreactor has emerged as a general and robust route to synthesis of a gallery
of nanocrystals with precisely controlled sizes, shapes, compositions, and surface chemistry. In
this thesis, | capitalized on a set of rationally designed star-like and bottlebrush-like block
copolymer to template the growth of a host of functional 0D and 1D nanocrystals with controlled
dimensions, compositions, and architectures, and scrutinize the dependence of physical properties

and energy-related applications on their size, shape, and surface chemistry.

First, a series of star-like copolymers were synthesized via sequential atom transfer radical
polymerization (ATRP) of tert-butyl acrylate (tBA) and styrene from star-like macroinitiators,
brominated B-cyclodextrin (B-CD). Due to the living nature of ATRP, the molecular weight of
each polymer block can be precisely controlled by simply tuning polymerization time and a low
polydispersity index (PDI) can be achieved. The inner hydrophobic poly(tert-butyl acrylate) (PtBA)
blocks were then converted into hydrophilic poly(acrylic acid) (PAA), which strongly coordinates
with the metal moieties of precursors of targeted nanocrystals, leading to the nucleation and growth
of nanocrystals confined within the space occupied by the PAA blocks. As a result, the size and
shape of nanocrystals can be readily controlled by the molecular weight of PAA blocks (i.e.,

diameter of nanoparticles). Moreover, the outer PS blocks, originally covalently linked to the inner
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PAA blocks, form a layer of permanently anchored ligands on the nanocrystal surface to enable
stable surface chemistry. This synthetic strategy were successfully applied for preparing a diversity
of functional nanoparticles for the investigation into their physical properties and applications.
Specifically, this judiciously designed nanoreactor was utilized to craft monodispersed magnetic
spinel CoFe204 nanoparticles, which was studied for their magnetic and surface chemistry related
electrocatalytic activity. It was the first systematic scrutiny of the influence of spin-pinning effect

in spinel nanoparticles realized via surface reconstruction on the oxygen evolution reaction (OER).

Second, using the same chemistry, 1D bottlebrush-like PAA-b-PS templates can be
realized by employing brominated cellulose (Cell-Br) as macroinitiators. Due to the larger number
of side chains on one Cell-Br macroinitiator (ranging from about 40 chains to more than 150
chains), high quality bottlebrush-like block copolymers are more challenging to synthesize than
star-like block copolymers, which only have 21 arms. Systematic scrutiny was made to investigate
the reaction conditions (e.g., catalyst ratio, ligand ratio, reaction concentration, degassing method,
etc.) that affect the uniform growth of the highly dense block copolymer side chains, which has a
determining effect on the quality of the bottlebrush-like templates and their application as

nanoreactors for the synthesis of 1D nanocrystals.

In addition to focusing on the precise synthesis of 0D and 1D nanocrystals via nanoreactor
strategy, this thesis also covers the practical application of multi-functional nanocomposites. In
this work, a ternary nanocomposite consisting of antibacterial silver (Ag) NPs, photocatalytic
titania oxide (TiO2) NPs, and upconverting NPs are prepared, manifesting a greatly enhanced
biocidal performance under ambient environment. It was found that the visible light (blue) and
ultraviolet (UV) light which were converted from near infrared (NIR) radiation by the

NaYFs@Yb:Tm upconverting NPs can be effectively absorbed by Ag and TiO> NPs to generate
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electrons and electron-hole pairs, respectively. Reactive oxygen species (ROS) could then be
produced from the reactions between environment and the electrons and holes to terminate bacteria.
The outstanding antibacterial performance of this nanocomposite system renders it the potential to

be used in food packaging industry.

Moreover, reversible photo responsive Ruddlesden-Popper 2D perovskite nanoplatelets
were explored in this thesis. Colloidal two-dimensional RP perovskite nanoplatelets with a general
formula L2(ABX3)n-1BX4 are a rapidly emerging type of semiconductor materials with excellent
optical and electronic properties. Research on the functional organic spacers (L) has become a
popular direction in the past several years. Inspired by our previous research about reversible
photo-crosslinkable nanoparticles realized by capitalizing on star-like nanoreactors with photo
responsive coumarin containing repeat units in the outer block, the preparation of RP lead halide
perovskite nanoplatelets with coumarin containing ammonium as organic spacers was attempted.
Molecular modification and mixed organic spacer strategies were adopted to overcome the
solubility limitation of coumarin containing molecules in non-polar solvents. Such coumarin
containing 2D perovskite nanoplatelets will undergo controllable and reversible layer-by-layer
crosslinking and de-crosslinking under radiation of certain wavelength, leading to many intriguing

and tunable optical and electronic properties.
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Chapter 1. Introduction
1.1. Colloidal Nanocrystals

Nanomaterials represent an amazing and broad class of materials with at least one
dimension in the range of 1 to 100 nm.* The history of utilization of nanomaterials can be dated
by to several thousand years ago, when human started to use them for a variety of purpose
unknowingly. 2 A famous example is the Lycurgus Cup, a dichroic cup produced by in 4™ century
A.D. the Romans.? It shows different color depending on the incident light because of the presence
of gold and silver nanoparticles. The modern nanotechnology began since the introduction of the
concept by Nobel Prize laureate Richard Feynman in 1959 in his famous speech “There’s plenty
of room at the bottom”.# Since 1980s, nanotechnology has undergone rapid development thanks
to the invention of advanced techniques that enable the preparation and characterization of

nanomaterials.

Colloidal nanocrystals are a specific class of nanomaterials, which are fragments of
crystalline lattice of bulk inorganic solids typically in the size range of 2-20 nm. > ® They have
attracted tremendous research attention and been viewed as the hottest research topis of the past
decades because of the diverse and tunable properties which are heavily dependent on the size,
shape, architecture, composition, and surface chemistry. In this size regime, the electronic structure,
magnetic, and optical properties of nanocrystals can be changed by varying the size of nanocrystals
because of the quantum confinement effect.” 8 For example, band gap of semiconductor
nanocrystals and surface plasmonic resonance of metal nanoparticles (e.g., Au and Ag) can be

tuned by simply adjusting their size without changing their composition (Figure 1.1.).91!
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Figure 1.1. (a) Scheme and TEM image of a CdSe/ZnS core-shell nanoparticle; (b) change in
energy levels with increasing core size; (c) scheme, photograph, and photoluminescent spectrum
showing progressive color change of the nanoparticles with increasing core size.'?

Typically, a layer of organic or inorganic surfactant (i.e., ligand) is coordinated on the
surface of nanocrystals to render good dispersibility and facilitate the control over size and shape
of the nanocrystals during the synthesis.> ** Due to the nature of colloids, these nanocrystals are
dispersed in solvents, rendering a solution-processable class of materials that could be scaled up
for synthesis and be fabricated into an array of devices for a wide range of applications.*6
Ligands play an important role in the synthesis, property, and application of nanocrystals. First,
the binding between ligand and surface nanocrystals is crucial in determining the growth Kkinetics
of nanocrystals, and thus their size and shape. For instance, alkyltrimethylammonium bromides
(CaTAB) were used for the synthesis of Au nanorods and the ligand with longer alkyl chain
resulted in longer nanorods due to a more stable bilayer of ligand formed on nanorod facilitating

the further growth of Au nanorod along the longitudinal direction.!” Moreover, ligands can also



affect the property of nanocrystals. For example, carrier mobilities of both electrons and holes in
PbSe nanocrystal solids decrease exponentially with increasing the length of alkanedithiol
ligand.*® In addition, contour shape of the ligand layer on the nanocrystal surface can be varying
types of ligands, which has been shown to influence the assembly of nanocrystals and bring new

opportunities in designing nanocrystal-based devices.'® 2

Apparently, the ability to produce monodisperse nanocrystals with stable and tunable
surface chemistry is of key importance to render investigation into their size- and shape-dependent
physical properties and thus an array of applications including electronics, photonics, catalysis,
sensors, energy storage, information technology, bionanotechnology, etc. However, due to the
dynamic nature of the interaction between ligands the nanocrystal surfaces, ligands could detach
from nanocrystal surfaces during the synthesis, purification, and post-synthesis treatment, lead to
decreased colloidal stability, physical properties, and even structure integrity of the nanocrystals.?"
22.On the other hand, sophisticated post synthesis treatments are commonly needed to tune the
surface chemistry of nanocrystals to meet requirements for specific applications, limiting the large

scale use of the nanocrystals.

1.2. Synthesis of Non-linear Star-like and Bottlebrush-like Polymers

Non-linear polymers represent a unique class of soft materials where polymer side chains
are covalently connected to a 0D and 1D center (star-like and bottlebrush-lick, respectively). Non-
linear block copolymers refer to non-linear polymers whose arms are consisted of more than one
blocks. Due to the hyperbranched molecular structure, non-linear polymers take less volume and

have lower viscosity compared to their linear counterparts with similar molecular weight.?® Due



to their radial and cylindrical architecture, star-like and bottlebrush-like polymers are unimolecular
micelles.?* Distinct from conventional micelles, which are formed via weak dynamic interaction
between linear polymers, the cores and arms in star-like and bottlebrush-like polymers are
covalently connected, affording a more robust architecture against environment perturbations (e.g.,
pH, temperature, solvents, salt, etc).?® Due to the tremendous progress made in polymer chemistry
over the past several decades, especially the development in controlled living polymerization,
including atom transfer radical polymerization (ATRP)% 27, reversible addition-fragmentation
chain transfer (RAFT) polymerization,?® 2° and nitroxide-mediated radical polymerization
(NMP)*°, non-linear star-like and bottlebrush-like copolymer with well-controlled molecular

weight and narrow PDI have been achieved.
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Figure 1.2. (a) Schematic illustration of the star-like polymers. (b) Core-first and arm-first
strategies for the synthesis of star-like polymers.?®



1.2.1 Synthesis of Star-like Polymer

In general, two routes can be followed to synthesize star-like polymers: (1) core-first and
(2) arm-first (Figure 1.2.).2* 2 In arm-first method, preformed arm polymers with end-functional
groups are connected together via polymerization or coupling reaction or onto a multi-functional
core (sometimes also called graft onto method).3!A high degree of control over the arm structure
can be achieved with arm-first method due to the ability to characterize the linear arms prior to the
formation of the star. However, compared to core first method, star-like polymers synthesized via
arm-first approach often have broader arm number distributions and low arm-to-star conversion.32
The quality of star-like polymers prepared through this method is largely influenced by many
parameters, including degree of polymerization of the arms, composition of the arms, composition
of cross-linker and multifunctional cores, and the ratio between arms and cross-linkers and cores.®®

Such drawbacks greatly limit the further development this method.

In contrast to the arm-first method, core-first strategy involves pre-synthesized a
multifunctional initiator from which polymer arms are grafted sequentially via controlled/living
polymerization to yield a star-like architecture. As a key component in the core-first approach, the
core initiators are normally multifunctional molecules, such as cyclodextrin (CD),3**® polyhedral

oligomeric silsesquioxane (POSS),*" %8 calixarene,3 “° hyperbranched and dendritic polymers.*!-

43

Taking B-CD as an example, 21 -OH groups on the B-CD core are brominated and
converted into -Br to render a 21 Br-B-CD macroinitiator. Subsequent ATRP of a variety of
monomers can then be conducted to form star-like block copolymers. Using this method, a library
of star-like polymers has been successfully developed, such as amphiphilic star-like B-CD-graft-
[poly(acrylic acid)-block-polystyrene] diblock copolymer (denoted B-CD-g-[PAA-b-PS]),*
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thermoresponsive star-like B-CD-graft-[poly(acrylic acid)-block-poly(N-isopropylacrylamide)]
diblock copolymer (denoted B-CD-g-[PAA-b-PNIPAM]),* photoresponsive star-like B-CD-graft-
[poly(acrylic acid)-block-poly(7-methylacryloyloxy-4-methylcoumarin)] diblock copolymer
(denoted B-CD-g-[PAA-b-PMAMC]),*® star-like B-CD-graft-[polystyrene-block-poly (acrylic
acid)-block-polystyrene] triblock copolymer (denoted B-CD-g-[PS-b-PAA-b-PS]),*’ and star-like
B-CD-graft-[poly(4-vinylpyridine)-block-poly  (acrylic  acid)-block-polystyrene]  triblock
copolymer (denoted B-CD-g-[P4VP-b-PAA-b-PS]).*¢ Moreover, for star-like block copolymers
that contain blocks cannot be synthesized via controlled/living polymerization, a combination of
ATRP and click reaction could be implemented. Through this way, we have demonstrated star-
like B-CD-graft-[poly(acrylic acid)-block-poly(ethylene oxide)] diblock copolymer (denoted f-
CD-g-[PAA-b-PEQ]),*® star-like p -CD-graft-[poly(acrylic acid)-block-poly(3-hexylthiophene)]
diblock copolymer (denoted p-CD-g-[PAA-b-P3HT]), star-like B-CD-graft-[poly(acrylic acid)-
block-poly(vinylidene fluoride)] diblock copolymer (denoted B-CD-g-[PAA-b-PVDF]),*! and
star-like  B-CD-graft-[poly(acrylic  acid)-block-poly(3,4-ethylenedioxythiophene)]  diblock
copolymer (denoted B-CD-g-[PAA-b-PEDOT]).5? All these star-like block copolymers composed
of hydrophilic inner blocks could be used as nanoreactors for crafting plain, hollow, and core-shell

nanoparticles.

Core-first method is capable of synthesizing star-like polymers with precisely controlled
arm numbers by designing the number of functionalities in the initiator. Moreover, the composition
of the resulting star-like polymers can also be readily tuned by changing monomer species.
However, this method is not suitable for the synthesis of miktoarm star-like polymers, which have
dissimilar polymer arms, unless initiating cores with orthogonal initiating functionality is used. In

addition, the arm polymers of the star-like polymer cannot be characterized directly; more tedious



methods such as cleavage and end-group analysis have to be used.>® Nevertheless, this strategy has
been widely practiced to synthesize star-like block copolymers, which will be demonstrated in

Chapter 4 in this thesis.

1.2.2. Synthesis of Bottlebrush-like polymers

Bottlebrush-like polymers (BBPSs) represent a class of densely grafted polymers with high
molecular weights, in which one or more polymeric side chains are tethered to each repeating unit
of a linear polymer backbone.>® Because the densely-packed side chains of the bottlebrush
polymers experience significant steric repulsion, BBPs form extended cylindrical shapes.> Such
steric repulsion renders an intriguing characteristic to the BBPs: the lack of entanglement (very
low backbone entanglement density that can be ignored), which further influences the viscoelastic
properties and molecular alignment of BBPs. Moreover, this unique characteristic also endows
BBPs with distinctive mechanical and rheological performances (e.g., low entanglement plateau
modulus), crystalline abilities (e.g., fast crystal nucleation and slow growth), and stimuli-
responsive behaviors (e.g., morphological transformation).>® Owing to the fast development in
polymer chemistry, especially the advance in controlled/living polymerization, such as
controlled/living radical polymerization,®® controlled/living anionic/cationic polymerization,>®
ring-opening metathesis polymerization,®” and click reactions,®® BBPs with sophisticated

molecular architectures have been achieved as demonstrated in Figure 1.3..
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Figure 1.3. Examples of sophisticated architectures of bottlebrush polymers.

Bottlebrush-like polymers are mostly obtained through three synthetic routes, as shown in
Figure 1.4.: (1) Grafting-from (i.e., polymerization of side chain monomers from backbone
macroinitiator), (2) grafting-through (i.e., polymerization of pre-synthesized side chain
macromonomers with functionality at chain ends), and (3) grafting-onto (i.e., attachment of pre-

synthesized macromonomers onto backbones).
§ 1% 5 G‘CJ 430 § J\ﬁ
X2 T e
Grafting-from Grafting-through Grafting-to

Monomer

Bottlebrush Polymer (BBP)

Figure 1.4. Illustration of the three approaches for the synthesis of BBPs.>



In grafting-from approach, the growth of the polymer brushes starts from initiating sites on
the polymer backbone. The polyinitiators are prepared by the polymerization of inimers or through
post-modification on backbone polymers to introduce the initiating moieties.>® A key feature of
this method is the high grafting density due to the significantly decreased steric hindrance among
the side chains during the growth. High molecular weight side chains could be obtained via
grafting-from strategy because the monomers can easily diffuse to the initiator sites as the side
chains gradually grow.%® However, inter- and intramolecular termination and macroscopic gelation
may occur due to the coupling of the densely packed initiating sites during radical polymerization.
Such problem could be suppressed by controlled/living radical polymerization which rely on the
reversible deactivation radical polymerization (RDRP) to control radical concentration as a low
level. Long-backbone BBPs with high grafting density and low PDI can be readily obtained via

the grafting-from approach.

A class of unique bottlebrush-like block copolymers has been developed using cellulose as
macroinitiators in our lab for the application of nanoreactor to craft 1D nanocrystals.®* First,
cellulose microcrystals were fully dissolved in lab made ionic liquid, which is able to destroy the
inter-and intra-molecular hydrogen bonding in cellulose bundles formed due to the tremendously
large amount of -OH groups on cellulose backbones.®? Esterification reactions will then be
conducted to convert all the -OH groups into Br containing ATRP initiating sites. Normally, two
esterification processes are need to yield 100% conversion, which is of vital importance in the
initiating and polymerization of densely packed side chains to more a rigid 1D structure.®® A series
of linear brominated cellulose macroinitiator with narrow distribution in their length could be

achieved by performing fractional precipitation. Side chain polymer blocks are then



subsequentially grafted from the cellulose backbone via ATRP to achieved bottlebrush-like core-

shell block copolymers including cellulose-g-[PtBA-b-PS], cellulose-g-[P4VP-b-PtBA-b-PS], and

cellulose-g-[P4VP-b-PtBA-b-PS]. When polymer blocks that cannot be prepared by ATRP are
involved, such as PEO, click reaction could be utilized to attach the outer block to form the core-
shelled bottlebrush such as cellulose-g-[PtBA-b-PEO] and cellulose-g-[P4VP-b-PtBA-b-PEQ].
The hydrophilic inner block P4VP and PAA (obtained from hydrolyzation of PtBA block) can
coordinate with metal moieties to form plain, core-shell, and hollow 1D nanocrystals.®* Compared
to conventional colloidal synthesis, where 1D anisotropic structures are normally not favored
unless specific ligands are used, this nanoreactor strategy is robust and universal to craft 1D

nanocrystals of many different compositions.

Grafting-through method is another rapidly developing approach to synthesize high quality
bottlebrush-like polymers. Opposite to grafting from approach, polymer side chains with end
functionalities are synthesized first and then polymerized as a macromonomers through
appropriate techniques. Unlike grafting from, linear side chains with low PDI are first synthesized
normally via controlled/living polymerization and can be characterized clearly. This method also
guarantees a 100% grafting density due to its intrinsic features.®* Therefore, graft-through method
has been widely implemented to synthesize bottlebrush-like polymers with precisely controlled
dimensions and architectures for the investigation of their structure-property relationships.
However, despite the ability to yield 100% grafting density, achieving high molecular weight
bottlebrush-like polymers via this strategy could be challenging. It is largely resulted from the
nature of macromonomers which have higher viscosity and limited solubility. Also, less
polymerizable end groups and high steric hinderance of the brushes at the propagating sites are

attributed to the low degree of polymerization in the backbone. In addition, as a consequence of
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the low conversion, the products obtained from grafting-through approach are usually a mixture
of bottlebrush-like and linear polymers. Therefore, tedious fractional precipitation or dialysis are
often necessary to remove the unreacted macromonomers.>®> Many progress in synthesis of
bottlebrush-like polymers via grafting-through has been made in recent years. Particularly, using
norbornenyl groups as polymerizable moiety of the macromonomers in graft-through approach
has attracted increasing attention due to the quantitative monomer conversion catalyzed by Grubbs’
catalyst, high reactivity, and large spacing of the norbornenyl groups which reduces space

hinderance and allows higher macromonomer conversion.%* &

The grafting-to strategy involves both pre-synthesized side chain polymers and backbone
polymers with reactive functional moieties and a subsequent attachment of side chains onto
reactive sites on the backbone polymers via highly effective coupling reactions. Since the polymers
are synthesized independently by appropriate techniques, precisely controlled molecular weight
and low PDI could be achieved and characterized before the coupling reaction. However, this
method typically suffers from low graft density because of the unfavorable thermodynamic and
Kinetic barriers. As more side chains are grafted on backbone polymers, increased steric repulsion
could limit the movement of unattached side chains towards the active moieties and lead to low
graft density.%® Such steric hinderance effect is more significant when high molecular weight side
chains are attached. In order to achieve high graft density, an excess amount of side chain polymers
are usually used in coupling reaction, which causes the need of additional tedious and time-

consuming separation processes.>

1.3. Nonlinear Block Copolymer as Nanoreactor for Nanocrystal Synthesis
In order to improve the stability of nanocrystals while maintain their properties for various
applications, linear amphiphilic block copolymers and unimolecular dendrimers have been used
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as an alternative to conventional small molecule ligands. (Figure 1.5.) Linear amphiphilic block
copolymers in solutions can aggregated and form organized structures called micelle as a result of
interactions between themselves and environment.%” These micelles typically contain one block
with  coordinating groups, such as acrylic acid groups in poly(acrylic acid) (PAA) and
vinylpyridine groups in poly(2-vinylpyridine) (P2VP) and poly(4-vinylpyridine) (P4VP), that can
interact with precursors of nanocrystals and regulate their crystallization in a confined space.®®"*
The other blocks of the polymers then serve as organic ligands on the surface of nanocrystals.
Since polymer blocks are covalently and permanently connected, those ligands will not dissociate
from nanocrystals. Dendrimers are a class of complex monodisperse macromolecules with highly
branched three-dimensional architecture and well-define chemical structure.”> " Similar to
forming nanocrystals in micelles, precursors are coordinated with binding groups inside the
dendrimers (usually imide and amide groups) and then crystalized under certain conditions.”*"
However, these methods still have their own drawbacks. Dynamically stabilized micelles formed
by linear block copolymers may deform and disassemble as a result of environmental stimuli
including pH, temperature, solvent, etc.”” Dendrimers, on the other hand, can only produce very

small nanoparticles (<5nm in most cases) due to the difficulty in preparing high generation

dendrimers.
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Figure 1.5. (a) Synthesis strategies for perovskite nanocrystals using amphiphilic block
copolymer micelles as nanoreactors;’® (b) molecular structure of a fourth-generation
phenylazomethine dendrimer and STEM image of an In12SnisOx nanoparticle made from the
dendrimer.”

In this regard, Lin group has developed a general and robust strategy to capitalize on
unimolecular nonlinear block copolymer micelles as nanoreactors for the synthesis of uniform
colloidal 0D and 1D nanocrystals with well-controlled size, shape, composition, and architecture.®®
8 Unlike conventional micelles formed by linear block copolymers, nonlinear block copolymers
are composed of amphiphilic block copolymer arms covalently connected to the core or backbone
and form a thermodynamically stable micelle. Due to the stable and well-defined molecular

structure of the nonlinear block copolymers, they are used as nanoreactors for inorganic
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nanocrystals. The size and shape of the nanocrystals can be readily controlled by the space taken
coordinating blocks which is determined by the molecular weight of the polymer blocks and the
morphology of the nanoreactor. Additionally, outer block polymers are covalently bonded to the
inner block, forming a permanent polymer layer on the surface of nanocrystals formed inside
nanoreactors. The permanently ligated polymer chains provide superior stability of the
nanocrystals. Meanwhile, length and chemical composition of the outer block polymers also play

a role in determining the property and functionality of the nanocrystals.
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Figure 1.6. Schematic representation of synthetic strategies for nanoparticles with different
architectures ((a) solid, (b) core—shell and (c) hollow) using star-like block copolymers as
nanoreactors with the corresponding TEM images of solid Au nanoparticle, Au-TiO> core-shell
nanoparticle, and Au hollow nanoparticle respectively.*s: 8

As shown in Figure 1.6., a star-like block copolymer can be synthesized from pB-
cyclodextrin (B-CD). The 21 hydroxyl groups on B-CD are firstly converted into bromine as
initiation sites for sequential atom transfer radical polymerization (ATRP). Tert-butyl acrylate
(tBA), 4-vinylpyridine (4VP), and styrene are monomers used to form the star-like deblock and
triblock copolymers. The number and chemical composition of blocks are dependent on the
morphologies of particles one would like to obtain in the end. Star-like PAA-b-PS, obtained from
hydrolysis of PtBA blocks in star-like PtBA-b-PS, was used for form plain nanoparticles with the
outer block PS capped on the surface. Core-shell and hollowed nanoparticles can also be realized
by using star-like PAA-b-P4VP-b-PS and PS-b-PAA-b-PS triblock copolymer, respectively. The
diameter and shell thickness of the nanoparticles can be readily controlled by the molecular weight
of first and second blocks which can be tuned by reaction time. A gallery of uniform nanoparticles
has been successfully crafted by using the star-like nanoreactor strategy as displayed in Figure

1.7., proving that this method is very general and robust.
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Figure 1.7. TEM images of different types of nanoparticles synthesized using star-like block
copolymer as naoreactors.*

Moreover, this method can be extended to craft anisotropic 1D nanorods when star-like
nanoreactors are switched to bottlebrush-like nanoreactors. As illustrated in Figure 1.8., cellulose
molecule, instead of B-CD, is used as initiator for the bottlebrush-like nanoreactor. Following
similar synthetic route to prepare star-like nanoreactor, hydroxyl groups on cellulose backbones

are brominated to initiate sequential ATRP of PtBA, P4VP, and PS blocks depending on the
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targeted nanorod morphology. The length of nanorods is determined by the molecular weight of
brominated cellulose initiator while the diameter and shell thickness of the nanorods are again

controlled by the molecular weight of first and second blocks.

This nanoreactor-assisted synthetic approach can be utilized for synthesizing a rich
diversity of inorganic nanomaterials, especially with complicated composition and structure,
which could be hardly made with conventional methods. Moreover, the ability to control the size,
shape, dimension, composition, and surface chemistry of nanocrystals of the nanoreactor strategy
open up opportunities to investigate size-, shape-, composition- dependent physical properties of

nanocrystals.
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1.4. Antibacterial Nanomaterials for Food Packaging Applications

Nanocrystals have been used in a wide range of applications in our daily life due to their
diverse properties. Antibacterial property is one of the many interesting and important properties
of nanomaterials that enable them to be used for bacterial infection treatment as an alternative to
antibiotics. A fast-developing area in research and industry is to use biocidal nanomaterials for
antibacterial food packaging as a solution to food safety issues. Among all the nanomaterials,
metallic Ag nanoparticles and semiconducting metal oxide nanoparticles (e.g., TiO2, ZnO, and
MgO NPs) are the most studied active antibacterial agents. Ag nanoparticles are known to possess
highly efficient antibacterial activity for Gram-positive and Gram-negative bacteria.8*8* Although
the antibacterial mechanisms of Ag NPs are still not fully understood, several theories on the
microbicidal effect of Ag NPs have been proposed.® First, Ag NPs can anchor to and penetrate
the bacterial cell wall, thereby causing structural changes in the cell membrane and leading to the
death of the cell.® In addition, it has been reported that when Ag NPs are in contact with bacteria,
the NPs can form free radicals which are capable of damaging the cell membrane and ultimately
cause the cell death.®” 8 It has also been proposed that silver ions released from NPs have the
ability to interact with the thiol groups present in many vital enzymes, inactivate them, and
generate reactive oxygen species (ROS) that attach to the cell .8 *® Moreover, researchers have
claimed that silver, as a soft acid, tends to react with sulfur and phosphorus (which are soft bases
and major components of cells) and DNA and thus terminate the microbes.®! 9 Ag NPs have also
been found to be able to modulate and inhibit signal transduction in bacteria and stop cell growth
(Figure 1.9 a).% Despite excellent antimicrobial performance, safety concerns over the potential
nanotoxicity of Ag to human body greatly limit their commercialization.®**® Notably,
semiconducting NPs can also create ROS to terminate bacteria via photocatalytic reaction under

irradiation (generally UV light), as shown in Figure 1.9 b. Unfortunately, the need for UV to
19



trigger photocatalytic reaction represents a significant barrier towards practical application of this
class of nanomaterials as UV photons are able to deteriorate food quality, particularly for meat
products.®” ® Nonetheless, the implementation of Ag and TiO2 NPs together displayed improved
antibacterial efficiency due to a series of synergic effects, including Ag reduces electron-hole
recombination in TiO2 under UV light by trapping photogenerated electrons which can then
generate ROS,* 1% and electron transfer from Ag NPs, as a result of their surface plasmonic

resonance under visible light, to the conduction band of TiO2 where ROS can be generated.!01-102
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Figure 1.9. (a) Modes of action of Ag NPs on bacteria.!®® (b) Electronic structure of
semiconductor and generation of ROS from photocatalytic reactions (top); Diagram of ROS’
action on bacteria (bottom).'%
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Chapter 2. Motivations, Goals and Objectives
2.1. Motivations and Goals
Colloidal nanocrystals possess a variety of intriguing properties that are contingent upon
their size, shape, composition, and surface chemistry. The past several decades have witnessed the
rapid development in conventional synthetic methods for controlled synthesis of a great number
of nanocrystals, which enables the investigation into their dimension-dependent properties and

exploration of their applications.

However, as discussed in Chapter 1, conventional synthetic methods using ligands to cap
on the surface of nanocrystals have their limitations. In particular, dissociation of ligands from
nanocrystal surface as a result of weak interaction, which can be interrupted under many stimuli,
often cause deterioration in their chemical integrity, physical properties, stability, and practical
applications. The other challenge the conventional methods is facing is the synthesis of 1D
nanocrystals. Although some nanorods such as Au, FesOas, and metal halide perovskite have been
demonstrated, a general strategy to synthesize more 1D nanocrystals is lacking. It is largely due to
the difficulty in identifying appropriate ligands that can selectively cap certain facets of

nanocrystal and lead to anisotropic growth of the nanocrystals.

A specific example of the restricted application of nanocrystals is the use of nanomaterials
for antibacterial food packaging. Potential toxicity of Ag nanoparticles and the need of UV
irradiation for TiO, nanoparticles have significantly limited their application in food packaging
industry. Reducing the use of Ag and UV lights while keeping good antibacterial performance is

a promising direction of related research.
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Our broad interests in low dimensional nanomaterials also led us to the investigation of
functional 2D perovskites. We have gained experience in using responsive polymers containing
responsive functional groups in each repeating unit to adjust the functionality of nanoparticles
synthesized via our nanoreactor strategy. Here, we aim to move on step further and utilize our
experience to synthesize responsive 2D perovskites, which could find great potential in a vast

range of areas such as optoelectronic devises and energy related applications.

Therefore, the overall goal of my thesis is to (1) craft a set of 0D and 1D nanocrystals with
tunable sizes, shapes, and compositions via nonlinear block copolymer nanoreactor strategy. (2)
Scrutinize their dimension-dependent physical properties (magnetic, catalytic, photothermal, etc.)
upon the success in producing these nanocrystals. (3) Explore new responsive 2D perovskite

nanocrystals using knowledges gained from functional nanoreactors.

2.2. Objectives

e Ternary nanocomposite for antibacterial applications

(1) Prepare ternary antibacterial nanocomposite consisting of Ag nanoparticle, TiO;

nanoparticle, and UCNPs

(2) Investigate their composition-dependent antibacterial property under different lighting

conditions

(3) Produce antibacterial films using the ternary nanocomposite and cellulose nanofibrils

for food packaging application
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Nanoparticles via star-like diblock copolymer nanoreactors

(1) Rationally design and synthesize star-like block copolymer nanoreactor with well-

controlled molecular weight and narrow molecular weight distribution

(2) Craft uniform 0D nanoparticles (with a focus on CoFe;O4 (CFO) nanoparticles) via

star-like block copolymer nanoreactor synthesized in (1)

(3) Explore the size effect of CFO nanoparticles and CFO (core)-PS (shell) ratio on the

electrocatalytic property.

(4) Study the magnetic field enhancement in the OER activity of the surface reconstructed

CFO/CoFe,OxHy NPs

Nanorods via bottlebrush-like diblock copolymer nanoreactors

(1) Rationally design and synthesize bottlebrush-like block copolymer nanoreactor with

well-controlled molecular weight and narrow molecular weight distribution

(2) Scrutinize the reaction conditions for the preparation of high-quality bottlebrush-like

block copolymers with uniformly grown side chians

(3) Craft a set of uniform metal oxide 1D nanorods (with a focus on NiFe2.0s (NFO)

nanorods) via bottle-like block copolymer nanoreactor synthesized in (1)

(4) Explore the size- and shape-dependent properties of NFO nanorods, including their

magnetic, photothermal, and electrocatalytic properties.

Reversible Photo Crosslinkable 2D Organic-Inorganic Metal Halide Perovskite Nanoplates
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(1) Rationally design and synthesis coumarin derivatives as organic cation spacers for RP
type 2D perovskite nanoplatelets
(2) Synthesize and characterize coumarin containing 2D perovskite nanoplatelets

(3) Study the reversible and photo controllable assembly induced property
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Chapter 3. Ternary Biocidal-Photocatalytic-Upconverting Nanocomposites
for Enhanced Antibacterial Activity Preliminary Results

3.1. Introduction

Antibacterial food packaging has emerged as an effective route to reducing foodborne
diseases by preventing microbial contamination of foods via modifying the environment inside the
packaging and interacting with the headspace or packed foods.%® Nanotechnology has been widely
applied in all areas of food science, including food processing, security, and packaging. In the
latter context, metal and metal oxide nanoparticles (NPs),'%” carbon nanomaterials (e.g., graphene,
carbon dots, and carbon tubes!®®), and mesoporous particles'® have garnered much attention for
food packaging owing to their intrinsic biocidal properties. Among them, metallic Ag NPs and
semiconducting metal oxide NPs (e.g., TiO2, ZnO, and MgO NPs) are the most studied active
antibacterial agents. Ag NPs are known to possess highly efficient antibacterial activity for Gram-
positive and Gram-negative bacteria.®-8 They inactivate bacteria via destroying cell membrane,®’
forming reactive oxygen species (ROS),% or interfering signal transduction.®® Despite excellent
antimicrobial performance, safety concerns over the potential nanotoxicity of Ag to human body
greatly limit their commercialization.® Notably, semiconducting NPs can also create ROS to
terminate bacteria via photocatalytic reaction under irradiation (generally UV light). Unfortunately,
the need for UV to trigger photocatalytic reaction represents a significant barrier towards practical
application of this class of nanomaterials as UV photons are able to deteriorate food quality,
particularly for meat products.®” 1% Nonetheless, the implementation of Ag and TiO2 NPs together
displayed improved antibacterial efficiency due to a series of synergic effects, including Ag
reduces electron-hole recombination in TiO2 under UV light by trapping photogenerated electrons
which can then generate ROS,*® 1% and electron transfer from Ag NPs, as a result of their surface

plasmonic resonance under visible light, to the conduction band of TiO, where ROS can be
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generated.1°31% Other techniques including antifouling surfaces!'* 12 and natural extracts!'> 114

have also shown their potential in antibacterial food packaging, yet face some issues associated

with low efficiency, short life-time, and fragility.

Lanthanide-doped upconverting nanocrystals (UCNCs) are a class of nanomaterials that
are capable of absorbing long-wavelength low-energy near infrared (NIR) photons and then
emitting short-wavelength high-energy visible and UV via upconverting process.'> 116 They find
applications in biomedical field,'" 18 optics, % 120 security,*?! and energy.'?® 122 Y3 and Tm®*
co-doped NaYFs (i.e., B-phased NaYF+@Yhb:Tm) has been proven to be one of the most efficient
NIR-to-UV upconverters.'?* 12> When combined with suitable semiconductors of interest, such as
Ti021% 127 and Zn0,'?8 12° NaYF4@Yb:Tm could activate the photocatalytic reaction of these
semiconducting NPs under NIR lights, dispensing with the need for use of high-energy UV source.
As such, the NaYF4@Yhb:Tm/semiconductor nanohybrids carry the potential to be employed as
photocatalytic antibacterial nanomaterial under NIR irradiation, yet this has yet to be largely

explored.**

Herein, we report, for the first time, ternary multifunctional nanocomposites comprising
biocidal Ag, photocatalytic TiO2, and upconverting NaYF4@Yb:Tm NPs for antibacterial
application by capitalizing on the synergic effect among the three constituents. Interestingly, the
ternary nanocomposites manifest superior antibacterial activity against E. coli under ambient light
and solar simulator irradiation with UV photons filtered, outperforming Ag NPs as well as Ag/TiO>
nanocomposites. The multifunctional Ag/TiO2/NaYF4@Yb:Tm nanocomposites are mixed with
cellulose nanofibrils and processed into films to demonstrate their potential for antibacterial food

packaging.
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3.2. Experimental Section
3.2.1. Materials

Silver acetate (AgNO3, 99.9995%), ammonium hydrogen carbonate (NHsHCO3, 98%), and
oleic acid (OA, technical grade, 90%) were purchased from Alfa Aesar. Sodium trifluoroacetate
(NaTFA, 98%), ytterbium (I11) oxide (Yb203, >99.99%), trisodium citrate dihydrate (99-100.5%
anhydrous basis), rhodamine B (>95%) were purchased from Aldrich. Thulium(I11) oxide (Tm20s3,
99.9% trace metal basis) was purchased from BTC. Trifluoroacetic acid (TFA, >99.5%),
acetonitrile (>99.8%), and anhydrous N,N-dimethylformamide (DMF, 99.8%) were purchased
from Millipore Sigma. Oleylamine (OAm, >50%), triethylamine (>99.0%), cyclohexane, (>99.5%)
and polyvinylpyrrolidone (PVP, MW=40,000) were purchased from TCI. Nitrosonium
tetrafluoroborate (NOBF4, 97%) and titanium(IV) n-butoxide (Ti(OBu)s, 99%) were purchase
from Acros Organics. 1,4-benzoquinone (99%) and ethylenediaminetetraacetic acid (99+%) were
purchased from Thermo Scientific. TEMPO-oxidized cellulose nanofibril (CNF, 1.1 wt% CNF in
water, 1.5 mmol -COONa/g dry CNF) was purchased from University of Maine Process
Development Center. Acetone (>99.5%), isopropyl alcohol (>99.5%), and hexane (>98.5%) were
purchased from VWR Chemicals BDH. Ethanol (200 proof) was purchased from Koptec.
Escherichia coli (E. coli, ATCC 10798) was obtained from the American Type Culture Collection
(ATCC). Dehydrated Luria-Bertani (LB) broth and LB agar were purchased from BD Difco. The
LB broth and agar plates were prepared following the manufacturer’s instructions, in which all
solutions were autoclaved at 121 °C for 15 min for sterilization before use. All chemicals were
used as received without any further purification. DI water (18 MQ c¢cm) from Direct Q system was

used throughout the entire experiment, and all agueous solutions were prepared with DI water.
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3.2.2. Method

(a) Synthesis of water-dispersible Ag NPs : Water-dispersible Ag NPs were synthesized
by a simple wet chemistry method modified from literature.’3! 17 mg AgNOs was first dissolved
in 50 ml DI water. The AgNOs solution was then brought to boiling under refluxing. 2 ml of 1%
trisodium citrate aqueous solution was then rapidly injected into the solution under vigorous
stirring. The solution was kept boiling for 30 min, during which the reaction solution gradually
changed from colorless to yellow to yellow-grey. The Ag NPs were purified by centrifugation at

13,000 rpm for 10 min, washed with DI water for three times, and dispersed in DI water.

(b) Synthesis of water-dispersible TiO2 NPs: Water-dispersible TiO> NPs were
synthesized in two steps. TiO2> NPs capped with hydrophobic oleic acid were first prepared by
solvothermal method modified from previous report.X®2 In a typical reaction, NHsHCO3 (1 g),
triethylamine (5 ml), cyclohexane (5 ml) and OA (23 ml) were mixed at room temperature by
stirring. 1 ml of Ti(OBu)4 was then added dropwise into the solution. After stirring for 5 min, the
reaction solution was transferred into a Teflon-lined, stainless autoclave at 180 °C for 16 h. The
TiO2 NPs were purified by wash with ethanol three times and dispersed in hexane. A quick ligand
exchange treatment was applied to convert non-polar solvent dispersed TiO> NPs into water-
dispersible NPs.®*3 The treatment involves two steps. First, TiO2 NP hexane dispersion (~10 mg/ml)
was combined with NOBF4 acetonitrile solution (~10 mg/ml) to form a two-phase mixture (1:1 by
volume), which was then stirred for about 5 min until NPs were transferred from the upper hexane
layer to the bottom acetonitrile layer. The NOBF4 ligand-covered NPs can be easily redispersed in
DMF after washing with toluene and hexane (1:1 by volume). A secondary ligand exchange

reaction was then conducted to transfer the NPs to the agueous medium. About 100mg PVP was
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added to 10 ml of DMF dispersion of TiO2 NPs (~10 mg/ml), followed by vigorous stirring for 1

hr. The NPs were washed with acetone and redispersed in DI water.

(c) Synthesis of RE(TFA)3 (RE=Y, Yb, and Tm): Approximately 1 g of RE203 was
added to 10 ml of water and TFA (1:1 by volume) in a round bottom flask. The suspension was
heated to 80 °C and stirrer under refluxing until clear. The reaction solution was then allowed to
cool to room temperature. The solvent was evaporated off using a rotary evaporator, leaving behind

the RE(TFA)z powder.

(d) Synthesis of water-dispersible p-NaYF4@Yb:Tm NPs: The two-step strategy was
also used to prepare water-dispersible NaYF4s@Yhb:Tm NPs (UCNPs). OAm-capped UCNPSs were
synthesized by a thermal decomposition approach.*® RE(TFA)s (1 mmol in total, 79.8% Y, 20%
Yb, 0.2% Tm) and NaTFA (2 mmol) were added to 20 ml OAm into a three neck flask and heated
to 110 °C under vacuum for 45 min to form a transparent yellowish solution. The reaction vessel
was then filled with N2 and heated to 325 °C using heating mantle in approximately 1 hr. The
reaction was kept at 325 °C for 30 min and cooled down to room temperature. The UCNPs were
purified by hexane and ethanol and redispersed in hexane. Same ligand exchange procedure as

TiO2 NPs was taken to transfer the UCNPs into aqueous media.

(e) Preparation of CNF-based antibacterial films: 2,2,6,6-tetramethylpiperidine-1-oxyl
radical (TEMPQO)-oxidized CNF water slurry (1.1 wt%) was diluted 50 times with DI water. Ag
nanoparticles, TiO> nanoparticles, and UCNPs water dispersions were mixed to form a 1:1:1 (by
weight of nanoparticles) mixture, which was then added to the diluted TEMPO-oxidized CNF
water slurry at different weight fraction, followed by vigorous stirring. The mixture was poured

into petri dishes and dry at 70°C overnight to yield the CNF-Ag/TiO2/UCNP nanocomposite films.
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(F) Evaluation of antibacterial performance: E. coli was used to study the antibacterial
activity of the Ag/TiO2/UCNP ternary nanocomposites with different compositions under various
environmental conditions. The E. coli was cultured in the LB broth to log phase (35 °C overnight)
and harvested by centrifugation at 4000 rpm. After washing with DI water three times, the E. coli
suspension was dispersed and diluted in DI water to the desired concentration of ~10’ CFU ml™.
1 ml of nanocomposite water dispersions with different composition and concentration were added
into 9 ml of E. coli suspension and well mixed. Each sample was placed at room temperature under
various conditions (i.e., dark, ambient light, and solar irradiation generated by solar simulator with
UV portion blocked by a UV filter) for 30 min. The E. coli-nanocomposite suspensions were then
diluted 10 to 10° times. 100 pL of each suspension were then spread on LB agar petri dishes and

incubated on the petri dish at 35 °C in dark for 24 h.

The antibacterial property of the CNF-Ag/TiO2/UCNP nanocomposite films was examined
based on a disk diffusion method. The E. coli water suspension with a concentration of
approximately 10° CFU ml™ prepared in the way described above were transferred and spread onto
the LB agar. The test film samples were placed on the E. coli agar plates, kept under different

conditions for 30 min, and incubated at 35 °C for 24 h in dark.

3.2.3. Characterizations

The morphologies of as-synthesized Ag, TiO2, UCNPs and ligand-exchanged TiO2 NPs
and UCNPs were obtained using a JEOL 100CX-11 transmission electron microscope operated at
100kV. TEM samples were prepared by depositing NP hexane or water dispersion on a carbon

film-supported copper grid. X-ray diffraction (XRD) data were recorded by a Panalytical XPert
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PRO Alpha-1 diffractometer using Cu-Ka radiation (1.54 A, at 45 kV and 40mA) with a step of
0.08° per 16 s. The UV-vis spectra of Ag and TiO2 NPs and RhB photocatalytic degration were
obtained with a Shimadzu UV-2600 spectrometer. The upconversion spectra of UCNPs were
acquired with a homemade system. 980 nm laser was generated using an MDL-III diode laser
(2W). Upconversion photoluminescence emission spectra were recorded with an Ocean Optics
USB4000 spectrophotometer with detection range from 200 nm to 1100 nm under the excitation
of the 980 nm laser. A Newport AM 1.5G solar simulator (100mW cm2) applied with a UV(C)
filter (Hoya) was used to generate sun light for the antibacterial tests. Temperature of testing
samples was measured with a FLIR ONE Pro thermal imaging camera. The mechanical property

of CNF based films was achieved using a TA Q800 dynamic mechanical analyzer (DMA).

3.3. Results and Discussion

Water-dispersible NPs were synthesized either directly in an aqueous medium using citrate as
hydrophilic ligand or in a non-polar medium, followed by ligand exchange to replace hydrophobic
OA and OAm with hydrophilic PVP. The morphologies of water-dispersible NPs were examined
by TEM (Figure 3.1 a-c). No obvious aggregation was observed in ligand-exchanged TiO2 and
UCNPs, suggesting the successful anchoring of PVP on the NP surface. Figure 3.2 a and b show
TEM images of as synthesized TiO2 and UCNP. XRD analysis confirmed the crystal structures of
Ag, TiO2 and UCNPs. A typical absorption peak at 426 nm in the UV-vis spectrum was seen in
the as-synthesized Ag NP water suspension, further verifying the formation of Ag NPs (Figure
3.1d). XRD patterns of the three nanoparticles are shown in Figure 3.1e. The peaks at 38.1°, 44.3°,
64.5°, and 77.4° can be indexed to the (111), (200), (220), and (311) planes of a face-centered
cubic (FCC) Ag crystal. The peaks at 25.3°, 37.6°, 48.1°, 54.0°, and 62.7° can be assigned to the

(101), (004), (200), (105), and (204) planes of an anatase phased TiO> crystal. The XRD pattern
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of the UCNPs displayed in Figure 3.1e shows that they possess the reflection of a P6s/m space
group, substantiating the formation of B-NaYF4 host. It is worth noting that the p-NaYFs@Yb:Tm
is critically important in this study as it is the optimal host lattice for upconverting due to its

suitable interatomic distance, low phonon threshold, and lack of energy states for non-radiative

134,135

cross-relaxation, compared to a-NaYFs, another common phase of NaYFa.
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Figure 3.1. (a-c) TEM images of (a) Au NPs, (b) TiO2> NPs, and (c) UCNPs dispersed in water.
(d) UV-vis absorption spectrum of Ag NPs. (e¢) XRD profiles of Ag, TiO>, and UCNPs.

32



Figure 3.2. TEM images of synthesized (a) TiO2 NPs, and (b) UCNPs dispersed in hexane.
Digital image of (c) TiO2 NPs and (d) UCNPs solutions before and after ligand exchange.

The ligand exchange process was then implemented to transfer TiO, and UCNPs from organic
solvent to aqueous media to afford the miscibility in hydrophilic TEMPO-oxidized CNF and form

the film with CNF as the matrix. UV-vis spectra were taken for TiO2 NPs before and after ligand
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exchange and showed no obvious change in the optical properties of TiO, NPs (Figure 3.3a).
Upconversion spectra of the UCNPs before and after ligand exchange under the excitation of a
980-nm diode laser were obtained by using a house-made upconversion spectroscopy. Two
emissions in the UV region (346 and 362 nm) and two emissions in the visible region (450 and
477 nm) are clearly evident (Figure 3.3b). Emissions from low to high wavelength corresponding
to the transition of 16—3Fs, !D2—>Hs, 1D2—3F4, 1G4—3Hs in Tm3* ions, respectively.t36: 137 These
upconverted emissions are achieved in a process, in which two or more photons of 980 nm light
are absorbed by sensitizer Yb®", the energy is then transferred to the neighboring activator Tm**
ions, and finally the Tm3* ions relax radiatively to the ground state. The upconversion emission
intensity of PVVP-covered UCNPs are slightly stronger than original OAm-capped UCNPs. This is
due to the improved protection of the NP surface as well as the higher refractive index of PVP than
OAm, which leads to less reflective loss of the emitted light.3 1*° Digital images of TiO2 and
UCNP solutions before (in hexane) and after (in water) ligand change further confirm the effective

replacement of hydrophobic ligands by PVP. (Figure 3.2 ¢ and d)
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Figure 3.3. (a) UV-vis absorption spectra of TiO> NPs before and after ligand exchange. (b)
Upconversion spectra of UCNPs before and after ligand exchange. (c) Tauc plot obtained from
UV-vis absorption spectra of TiO2 NPs and Ag/TiO2 nanocomposites in water.
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The synergistic effect of Ag/TiO2 nanocomposite is shown by the Tauc plot obtained from
UV-vis absorption spectra in Figure 3.3c. Compared to pure TiO,, the bandgap of Ag/TiO: is
smaller. According to the previous studies, the narrowed bandgap can be attributed to a two-fold
mechanism: (1) the photoexcited electrons generated from the plasmon resonance of Ag under
visible light illumination are transferred to the conduction band of TiO2,'*° and (2) the interaction
between Ag and TiO> results in a higher ratio of Ti(lll) oxide on the surface of TiO, which is
proven to be a narrow bandgap semiconductor whose energy levels are between the valence and
conduction band of TiO.24% 142 Sych synergy has been shown to cause increased photocatalytic

and antibacterial properties of the Ag/TiO, composite, 0% 143

The antibacterial performance of the as-prepared nanocomposites (i.e. ternary Ag/TiO2/UCNP)
was tested using the colony counting method. Two control samples, that is, Ag NPs only and binary
Ag/TiO2 NPs nanocomposites, were also prepared and used for comparison. 1 ml of
nanocomposites water suspension (1 mg/ml for each active species) was mixed with E. coli water
suspension (9 ml, 10" CFU/ml) and treated under dark, ambient light, and vis-IR light generated
from solar simulator (yet with UV photons filtered; see Method Section) at room temperature for
30 min. It is worth noting that E. coli could be killed at high temperature (> 70 °C).1** Therefore,
the temperature of all samples was monitored with an IR temperature camera and found to be not
exceeding 35 °C (Figure 3.4.), signifying that the relatively strong illumination form the solar

simulator would not Kill the bacteria thermally.
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(b)

(d)

Fig 3.4. (a) Digital image of test sample under solar simulator; IR image showing temperature
of samples under irradiation for (b) 0 min, (c¢) 15 min, and (d) 30 min.

As noted above, a UV filter was applied on the solar simulator as otherwise the UV portion
from the simulated sun light is strong enough to terminate all the E. coli without any antibacterial
agents added (Table 3.1). The E. coli-nanocomposite mixtures were then diluted to different extent
and directly plated on LB agar disk. The number of residual E. coli colonies after 24 h incubation
at 35 °C in dark was counted. From Figure 3.5, it is clear that the number of residual E. coli in all
three samples (Ag NPs only, binary Ag/TiO2 nanocomposites, and ternary Ag/TiO2/UCNP
nanocomposites) under dark were comparable with the slight decrease in the two nanocomposites

samples (Ag/TiO2 and Ag/TiO2/UCNP). This result suggests no synergistic effect from any
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nanocomposites when no light exposure. Upon the irradiation with ambient light, obvious
enhancement in the bactericidal performance in Ag/TiO> was achieved due to the synergy from
the two constituents, in consistence with previous studies.? 145146 A further improvement was
seen for Ag/TiO2/UCNP nanocomposites, signifying the effectiveness of introducing UCNPs
under ambient environment. The improvement was more significant when stronger illumination
generated from solar simulator (1 sun) equipped with a UV filter was shined on the samples. The
results for Ag and Ag/TiO2 samples were moderately improved after switching the light source. In
sharp contrast, the percentage of bacteria reduction in the Ag/TiO2/UCNP nanocomposites sample
was greatly increased. The much stronger NIR portion of the irradiation from solar simulator
excited the B-NaYF:@Yb:Tm UCNPs to emit more UV and visible photons,**"14° thereby
boosting the photocatalytic reactivity of the Ag/TiO and in turn markedly enhanced antibacterial

efficiency.

Table 3.1. Comparison of E. coli reduction percentage with and without UV filter

Solar simulator without UV filter Dark Solar simulator with
UV filter
Test
condition No No
NPs Ag | Ag+TiO2 | Ag+TiO2+UCNP NPs No NPs
Reduction(%) 100 | 100 100 100 0 7.24+0.4
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Figure 3.5. Comparison of antibacterial performance of Ag NPs, Ag/TiO> NPs nanocomposites,
and Ag/TiO2/UCNP NPs nanocomposite against E. coli in dark, under ambient light, and under
solar simulator equipped with a UV filter (i.e., removal of UV photons).

Clearly, introducing UCNPs to Ag/TiO2 NPs nanocomposites can effectively strengthen the
ability of the nanocomposite to terminate E. coli. The concentration of the three constituents in the
ternary nanocomposite was then varied to further investigate the influence of B-NaYFs@Yb:Tm
UCNPs in the biocidal event. To this end, solar simulator with a UV filter was used as light source
for all the tests. It is notable that the concentration of each constituent NPs was controlled at a low
level because we found that the E. coli were killed completely when the concentration was too
high, and the results became indistinguishable. Thus, the concentration of Ag NPs in each sample
was 0.2 mg/ml in the test. The concentrations of TiO, and B-NaYFs@Yb:Tm UCNPs were
maintained the same and increased from 0.2 to 1 and 2 mg/ml (designated as Groups 1-3,
respectively; Figure 3.6.). Meanwhile, TiO2 NPs concentration was kept at 0.2 mg/ml yet UCNP
contents were increased to 1 and 2 mg/ml (designated as Groups 4 and 5, respectively; Figure

3.6.). A clear trend can be seen that higher concentration of TiO, and UCNP renders a better
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performance (Figure 3.6.). Moreover, solely increasing the amount of UCNP also improves the
biocidal efficiency, corroborating that the upconverted emissions from the UCNPs can effectively
activate Ag and TiO2 NPs. The mechanism of the greatly-enhanced antibacterial efficiency in the
ternary nanocomposites is illustrated in Figure 3.7. As shown in the energy level of Yb** and Tm3*
in UCNP, the *ls—3F4and !D,—3Hg transitions in Tm®* produce 350 nm and 365 nm UV emissions,
which are capable of exciting TiO. and generating electron-hole pairs. The photogenerated holes
can react with the surrounding water to produce eOH and the photogenerated electrons could
reduce Oz to yield ¢O>; these two types of ROS are able to damage cell membrane and lead to the
death of bacteria.' 0 In the meantime, visible emissions from UCNPs (450 and 470 nm) can be
absorbed by Ag NPs via plasmonic resonance (A = 426 nm; Figure 3.1d) and the photogenerated
electrons can easily transfer from the noble metal (Ag) to the conduction band of the
semiconductor (TiO2) and reduce the O to form O, radicals. The ¢O,™ can then react with water
and transform to eOH radicals, which been proven to be one of the most active antibacterial

ROS.1%0
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Figure 3.6. Comparison of antibacterial performance of ternary nanocomposite systems with
different compositions against E. coli.
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Figure 3.7. (a) Energy level diagram of NaYF4@Yb:Tm NPs. (b)Antibacterial mechanism of
the ternary Ag/TiO2/B-NaYF4@Yb:Tm UCNP nanocomposite system.
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Photocatalytic degradation of rhodamine B (RhB) was conducted to further evaluate the
active species generated from the ternary nanocomposites and understand the antibacterial
mechanism of the system.#> 51 A trapping experiment was carried out by adding different
scavengers in the RhB aqueous solution. Specifically, ethylenediaminetetraacetic acid (EDTA),
isopropyl alcohol (IPA), and 1,4-benzoquinone (BQ) was individually dissolved in RhB solution
to quench h*, ¢OH, and O™, respectively'> 2 and the concentration of the scavengers were fixed
at 2 mM. The scavengers dissolved RhB solutions were then mixed with the ternary nanocomposite
aqueous solution (10 mg/ml of each species) via vigorous stirring and placed under a solar
simulator with a UV filter. All reaction conditions were the same except for the type of scavengers
in the solutions. Samples were taken during the light exposure at 0 min, 15 min, 30 min, 45 min
to monitor the degradation of RhB.*>® Figure 3.8 a depicts the change in the absorption intensity
of the peak at A = 550 nm, reflecting the degradation of RhB when no trapping scavenger was
present. When EDTA and BQ were added into the solution, the photocatalytic degradation was
slightly reduced (Figure 3.8 b and Figure 3.9), signifying that h* and eO,~ were generated from
the nanocomposites under visible and IR irradiation. Moreover, a significant reduction in the
photodegradation of RhB was seen when IPA was added (Figure 3.8 b and Figure 3.9). These
results suggest that eOH is a predominant active species originated from the ternary
nanocomposites, while ¢O,~ and h* were also produced yet with a much smaller amount,

correlating well with the antibacterial mechanism discussed above.
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Figure 3.8. (a) Absorption spectra depicting photodegradation of RhB by the ternary
nanocomposites aqueous solution in the absence of trapping scavenger under solar simulator
with a UV filter. (b) Photodegradation of RhB as a function of time with no trapping scavenger,

EDTA, BQ, and IPA, respectively.
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Figure 3.9. Change in UV-Vis absorption spectra of RhB in the ternary nanocomposites solution
in the presence of BQ, EDTA, and IPA.

To further demonstrate the potential application of the ternary antibacterial nanocomposites

in active biocidal food packaging, the nanocomposites were mixed with TEMPO-oxidized
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cellulose nanofibrils (CNF) to form a biodegradable film. Four nanocomposite films composed of
TEMPO-oxidized CNF and Ag/TiO/UCNP with the weight percentages of ternary
Ag/TiO2/UCNP nanocomposites (1:1:1 weight ratio of the three constituents) at 0%, 1%, 5%, and
10% were prepared (denoted Film-1 to Film-4, respectively). The thickness of the four films were
approximately the same, that is, 20+1.2 um, 19+1.0 pm, 22+2.2 um, and 25+2.0 um, respectively.
The data was acquired by measuring the thickness at five different positions for each film. The
tensile strength of the films measured by DMA and the resulting stress-strain curve is shown in
Figure 3.10 a. The mechanical property of the film was obviously improved from approximately
6.8 MPa in Film 1 to 15.5 MPa in Film 4 (representing a 125 % increase). The higher tensile
strength is a direct consequence of the addition of inorganic NPs into the film, which is commonly
seen in inorganic NPs-reinforced polymer films. The films were cut into small discs with a
diameter of ~7 mm for the disc diffusion test. The film-attached test agar plates were kept in dark,
under ambient, and solar simulator generated light (with a UV filter) at room temperature for 30
min prior to being incubated at 35 °C in dark for 24 h. Figure 3.10 b-d compares the results of the
disc diffusion tests. Clearly, the inhibition area for each film became larger when the light intensity
shined on the film increased. The inhibition area also increased with the increase in the content of
antibacterial active species, while no inhibition area can be detected by naked eyes for pure CNF
films under all the test conditions, indicating the antibacterial property was attributed to the ternary
Ag/TiO2/UCNP nanocomposites. We note that the inhibition areas are relatively small compared
to the reported studies in literature, which is likely due to the larger distance between UCNPs and
Ag (and TiO2) NPs in the films, thus reducing their visible (for Ag) and UV (for TiO) absorption

from B-NaYFs@Yb:Tm UCNPs. Future work will be focused on engineering the ternary
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nanocomposite by crosslinking NPs or exploiting core/shell NPs to improve the utilization

efficiency of the emissions from UCNPs.
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Figure 3.10. (a) Stress-strain curves of TEMPO-oxidized CNF-based nanocomposite films with
0 wt%, 1wt%, 5wt%, and 10wt% of the ternary Ag/TiO2/UCNP nanocomposites. (b-d) Digital
images of disc diffusion antibacterial tests of the CNF/Ag/TiO»/UCNP nanocomposite films (b)
in dark, (c) under ambient light, and (d) solar simulator with UV filter.

3.4. Conclusion
In summary, we developed a viable strategy to enhance antibacterial activity of nanomaterials
by engineering ternary multifunctional nanocomposites composed of metallic Ag NPs,

semiconducting TiO2 NPs, and upconverting NaYF4@Yb:Tm UCNPs. The rational introduction
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of UCNPs markedly improves the biocidal efficiency of Ag/TiO2 as NaYFA@Yb:Tm UCNPs
effectively convert NIR photons into visible and UV photons that are absorbed by Ag and TiOg,
respectively, to generate antibacterial ROS. Notably, the as-prepared nanocomposites display
excellent bactericidal properties in water under 1 sun irradiation (with UV photons filtered) and
good performance under moderate ambient light. The water-dispersible nanocomposites can be
readily integrated with hydrophilic biopolymers such as TEMPO-oxidized CNF for film
processing and showcase their potential for use as antibacterial packaging materials. This study
highlights the possibility of not only reducing the use of potentially toxic Ag NPs, but also exerting
efficient antibacterial activity in the absence of UV source, thereby avoiding the UV-induced

deterioration of food quality.
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Chapter 4. Nanoparticles via Star-like Block Copolymer as Nanoreactor and
Their Applications in Electrocatalysis

4.1. Introduction

As discussed above, star-like block copolymers are stable unimolecular micelles with
linear arms covalently connected to a central core, rendering supreme structural stability against
various environmental perturbations. Using of star-like BCPs as nanoreactors to direct the
synthesis of polymer-ligated NCs has garnered considerable interest due to the following appealing
features. First, size and architecture of NPs can be delicately controlled because they are defined
by the coordination blocks in the star-like BCP, which are synthesized by controlled/living radical
polymerizations and possess well-defined MWs and low PDI. Therefore, plain, hollow, and
core/shell NPs with precisely tailored dimensions (i.e., diameter of plain NPs, diameter of hollow
interior and shell thickness of hollow NPs, and the core diameter and shell thickness of core/shell
NPs) can be crafted. In addition, NPs with different chemical compositions can be readily
produced by simply selecting proper inorganic precursors thanks to the robustness of the
nanoreactor strategy. Moreover, surface chemistry, which is determined by the outer blocks of
star-like BCP functioning as surface ligands can be easily tuned to yield polymer-ligated NPs with
intriguing polarity, conductivity, stimuli responsivity, etc., endowed by the functional outer blocks.
Also, the outer blocks are intimately and permanently capped on the NP surfaces as these polymer
chains are covalently connected to the inner and intermediate blocks of star-like BCP, thereby
effectively preventing the aggregation of NPs and facilitating their dispersion in both solvents
(liquid state) and polymer nanocomposites (solid state). Finally, star-like triblock copolymer
nanoreactor strategy could be capitalized on to generate a variety of core/shell NPs of interest with
even large lattice mismatch between the core and shell materials because the growth of
nanocrystals is not interface dependent like conventional colloidal synthesis, which are otherwise
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challenging to be achieved by conventional methods. In this chapter, a set of star-like lock
copolymers were synthesized and used as nanoreactors for the synthesis of several distinct types
of plain nanoparticles, e.g., metallic, transition metal oxide, and perovskite nanoparticles.
Furthermore, CoFe,O4 nanoparticles were studies in detail for their magnetic field assisted OER

catalytic studies.

Recently, the use of externally applied magnetic fields enhance OER electrocatalytic
performance has gained significant attention. It has been reported that kinetics of OER exhibits
strong dependance on the spin of catalyst surfaces, especially the step where triplet O is generated
from singlet reactants (OH™ and H-O). It is because the spins in the ground state of reactants are in
singlet state and paired while the production of Oz with a singlet state requires more energy than
producing a triplet 0,.1%% 1 In this regards, magnetization has been reported to be able to reduce
this kinetic barrier by aligning the spin ordering of ferromagnetic (FM) electrocatalysts.'®
However, some of the most active OER catalysts, such as transition metal oxyhydroxides, are
paramagnetic (PM), which lose their spin order after the removal of magnetic field.*>" 158 In this
context, a spin pinning effect in FM/PM core/shell materials could be utilized to maintain the spin
ordering in high OER efficient yet paramagnetic surfaces, which has already been successfully

demonstrated in a bulk CFO/CoFeOxHy system,'>® but has yet to be explored in nanoscale.

In this work, the star-like diblock copolymer nanoreactors are utilized to produce a set of
CFO/CoFeOxHy core-shell nanoparticles via forming CFO NPs first and then performing
controlled surface reconstruction. The effects of nanoparticle size and core-to-shell ratio on the

magnetic field assisted OER enhancement was conducted.
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4.2. Experimental Section
4.2.1. Materials

Toluene (99.5%), dichloromethane (>99.5%), a-bromoisobutyryl bromide (BiBB, 98%),
anisole (99%), 2-butanone (99.0%), anhydrous dimethylformamide (DMF, >99.8%) anhydrous 1-
methyl-2-pyrrolidinone  (NMP, 99.5%), N,N,N’,N’,N’’-pentamethyldiethylene triamine
(PMDETA, 99%), trifluoroacetic acid (TFA, 99.9%), diethyl ether (anhydrous, 99.0%), ethanol
(anhydrous, 99.5%), calcium hydride (CaH., for synthesis,) sodium bicarbonate (NaHCO3, 99.7%),
aluminum oxide powder (activated, neutral, ~325 mesh), tetrahydrofuran (THF, 99.0%), acetone
(99.5%), magnesium sulfate (MgSQs4, anhydrous, 99.5%), 99.5%), benzyl alcohol (BA, anhydrous,
99.8%), diphenyl ether (DPE, 99%), deuterated chloroform (CDCls, 99.96%), deuterated
dimethylformamide (DMF-d7, 99.5%), lithium bromide (LiBr, 99%), acetic acid (99.7%) were

purchased from Sigma-Aldrich and used as received.

B-cyclodextrin (B-CD, >97.0%, Sigma-Aldrich) were dried under vacuum for 48 hours at
60°C and azeotropic distillated in toluene for 2 hours at 120°C prior to the esterification reaction.

Copper (1) bromide (CuBr, 98%, Sigma-Aldrich) was stirred for 2 hours in acetic acid, filtered,
washed with ethanol and diethyl ether, and dried in vacuum at room temperature overnight.
Styrene (St, 99.9%, Sigma-Aldrich), tert-butyl acrylate (tBA, 98%, Sigma-Aldrich) were distilled

over CaH; under reduced pressure prior to use.
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4.2.2. Methods
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Figure 4.1. Schematic illustration of the synthesis of star-like nonlinear block copolymer (i.e.,
star-like PAA-b-PS) nanoreactor.

Figure 4.1. shows the synthetic route of the star-like PAA-b-PS nanoreactor. The detailed

synthetic procedure is summarized as following:

(1) Synthesis of brominated B-CD initiator (Br-p-CD): B-CD was first dissolved in
anhydrous 1-methyl-2-pyrrolidione (NMP) and then cooled to 0 °C in ice bath. 2-bromoisobutyl
bromide (BiBB) was added into the solution dropwise under vigorous stirring in one hour. The
reaction was let stirring for 1 hour at 0 °C and brought to room temperature and kept stirring for
223 hours. The crude solution was diluted with dichloromethane (DCM) and washed with

saturated NaHCO3 aqueous solution and DI water for several times. After washing, the product
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was collected via removing DCM by rotary evaporator and dried in vacuum oven overnight at

room temperature.

(2) Synthesis of poly(tert-butyl acrylate) (PtBA) star-like nonlinear polymer: Br-p-CD
(macroinitiator), CuBr (catalyst), N,N,N’,N” N”-pentamethyldiethylenetriamine (PMDETA)
(ligand), tert-butyl (tBA) (monomer) and methyl ethyl ketone (MEK) (solvent) were mixed in an
ampoule and degassed by N2 bubbling for 1 hour. Afterwards, the ampoule was sealed and put into
an oil bath at 60 °C. The ampoule was taken out from the oil bath and dipped into ice bath and
open to atmosphere at different desired time to terminate the polymerization. The crude solution
was diluted with acetone, passed through neutral alumina column to remove the catalyst, and
precipitated in a water/methanol mixture (v:v=1:1). After filtration, the product was dried in

vacuum oven at room temperature.

(3) Synthesis of poly(tert-butyl acrylate)-block-polystyrene (PtBA-b-PS) star-like
nonlinear polymer: PtBA star-like nonlinear polymer, CuBr, PMDETA, styrene and anisole were
mixed in an ampoule and degassed by N2 bubbling for 1 hour. Afterwards, the ampoule was sealed
and put into an oil bath at 90 °C. The ampoule was taken out from the oil bath and dipped into ice
bath and open to atmosphere at different desired time to terminate the polymerization. The crude
solution was diluted with tetrahydrofuran (THF), passed through neutral alumina column to
remove the catalyst, and precipitated in a water/methanol mixture (v:v=1:1). After filtration, the

product was dried in vacuum oven at room temperature.

(4) Synthesis of poly(acrylic acid)-block-polystyrene (PAA-b-PS) star-like nonlinear
polymer: PtBA-b-PS star-like nonlinear block copolymer was first dissolve in DCM into which

trifluoroacetic acid (TFA) was added dropwise under vigorous stirring at room temperature for
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hydrolysis. After 24 hours, the DCM was removed by rotary evaporator. The PAA-b-PS product
was purified by dissolution-precipitation with DMF and methanol and dried in vacuum oven at

room temperature.

4.2.3. Characterization

The molecular structure and bromination of efficiency of Br-p-CD was characterized by
proton nuclear magnetic resonance spectroscopy (*H NMR). The molecular weight and
polydispersity of star-like PtBA and star-like PtBA-b-PS were collected by gel permeation
chromatography (GPC) with a G1362A refractive detector, a G1314A variable wavelength
detector, one 5 pm LP gel mixed bed column (molecular range: 200~3x10° g/mol), and one 5 pm
LP gel column (500 A, molecular range: 500~2x10* g/mol), calibrated using monodisperse linear
PS as standard. THF was used as mobile phase with a flow rate of 1.0 ml/min at 35°C. The
molecular weight of each arm of PtBA and PtBA-b-PS in the star-like nonlinear polymers were
determined by *H NMR using Bruker Avance 111 400 nuclear magnetic resonance spectroscopy
using CDCl3 as solvent. The successful hydrolysis of PtBA-b-PS into PAA-b-PS was confirmed
by Nicolet 6700 Fourier-transform infrared spectroscopy (FT-IR). The morphologies of inorganic
NPs were obtained using Hitachi HT7700 transmission electron microscopy (TEM) operating at
120 kV. TEM samples were prepared by depositing NP hexane or water dispersion on a carbon

film-supported copper grid.

4.2.4. Synthesis of 0D Nanoparticles

(a) Synthesis of CFO, NFO, and FesOs nanoparticles: Star-like PAA-b-PS nanoreactor
was dissolved in diphenol ether (DPE) followed by adding certain amount of precursors (Co(acac)z
and Fe(acac)s, Ni(acac). and Fe(acac)s, Fe(acac). and Fe(acac)s at stoichiometric ratio, for CFO,
NFO, and Fe3Os, respectively). The mixture was stirred under Ar flow at elevated temperature
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overnight to enable the coordination between metal moieties in precursors and -COOH in the PAA
blocks and remove residual water in the solvent and precursor. Certain amount of benzyl alcohol
(BA) was added to enhance the solubility of inner PAA blocks. The reaction was then brought to
200 °C slowly in 2 hours and kept for 30 minutes. The slow heating up process is aimed to suppress
the nucleation of metal oxide nanoparticles outside the nanoreactors, which can be easily formed
under a rapid heat up process. Afterwards the reaction was quickly heated to 250 °C and kept at
the temperature for 2 hours for the thermal decomposition of precursors and the formation of CFO
NPs. The product was purified by dispersion-precipitation with toluene and ethanol for three times.
The procedure of synthesis of NFO and FesO4 nanoparticles was the same as CFO except changing

Co(ac)2 to Ni(ac)2 and Fe(ac): respectively.

(b) Synthesis of BTO nanoparticles: Star-like PAA-b-PS nanoreactor was dissolved in
diphenol ether (DPE) and heated up to 130 °C to remove residual water in the solvent. A specific
amount of bimetallic alkoxide precursor (barium titanium ethyl hexano-isopropoxide
(BaTi(O2CC7H15)[OCH(CH3).]s) was added and stirred at 130 °C overnight to remove the
isopropanol in the precursor, which is poor solvent for both PAA and PS blocks. Certain amount
of benzyl alcohol (BA) was added to enhance the solubility of inner PAA blocks. The reaction was
then started by addition of a certain amount of hydrogen peroxide and kept for 24 hours after
temperature was lowered to 100 °C. The product was purified by dispersion-precipitation in

toluene and ethanol for three times.

(c) Synthesis of Au nanoparticles: Star-like PAA-b-PS nanoreactor was dissolved in
anhydrous DMF:BA mixture (v:v=9:1) followed by addition of gold (II1) chloride trihydrate
(HAUCIl4-3H20). The mixture was stirring for several hours to provide enough time for the

precursor to coordinate with the inner PAA blocks. Afterwards, the mixture was heated to elevated
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temperature under Ar flow, followed by adding certain amount of reducer tert-butylamine borane
(TBAB) dropwise. The color of the reaction solution gradually changed from yellow to dark red,
indicating the formation of Au nanoparticles. The product was purified by dispersion-precipitation

in toluene and ethanol for three times.

(d) Synthesis of CsPbBrs perovskite nanoparticles: Star-like PAA-b-PS nanoreactor
was dissolved in anhydrous DMF followed by addition of certain amount of cesium bromide
(CsBr). After fully dissolution of CsBr, stoichiometric amount of lead bromide (PbBr2) was added
and stirred for several hours. Small amount of nanoreactor-precursor solution was then dropped in
toluene to trigger the nucleation of CsPbBrs. The toluene solution color changed from colorless to
green under UV light, indicating the formation of CsPbBrs nanoparticles. The product was purified

by centrifugation and redispersion in toluene.

4.3. Results and Discussion

As shown in Figure 4.2., the esterification of 21 hydroxyl groups on 3-CD with BiBB was
confirmed by the *H NMR spectrum with CDCls. The bromination efficiency was calculated to
95% be from the ratio of integral area of peak a to peak b, indicating that almost all the hydroxyl
groups on B-CD were converted into bromine containing ATRP initiating site.** In theory, 21
polymer chains with similar molecular weight could be grafted from the Br-B-CD macroinitiator

by ATRP.
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Figure 4.2. "H NMR spectrum of the Br-B-CD macroinitiator.

The total molecular weight and polydispersity index (PDI) of the PtBA and PtBA-b-PS
star-like nonlinear block copolymer were obtained by GPC. Three batched of PtBA star-like
polymer with different molecular weight was synthesized, showing the ability to control length of
PtBA blocks which determine the size of the nanoparticles formed inside the nanoreactors. (Figure
4.3. a) Meanwhile, the outer block PS with various molecular weights were also synthesized to
find an optimal ratio between the length of PAA (converted from PtBA) and PS so that the PS are
not too long to restrict the diffusion of precursors into the PAA region nor too short to expose the

surface of nanoparticles to the environment.
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Figure 4.3. GPC traces of (a) PrBA star-like polymers; and (b) PrBA-b-PS star-like block
copolymers.

'H NMR was also used to confirm the molecular structure of PtBA star-like polymer and
to determine the degree of polymerization and molecular weight of single chain of PtBA grafted
onto the Br-B-CD macroinitiator. As shown in Figure 4.4., the molecular weight of each arm of
PtBA can be calculated from the ratio between area of peak b (6=1.45 ppm, methyl protons in tert-

butyl group) and peak a (5=1.21 ppm, methyl protons at the a-end of PtBA chain).** &
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Figure 4.4. Typical '"H NMR spectrum of the P/BA star-like polymer.

After ATRP of PtBA, the star-like polymer can be used as macroinitiator to further grow
the second block on each arm. As shown in Figure 4.5., *H NMR spectrum confirms the successful
grafting of PS from the PtBA star-like macroinitiator. Similarly, the degree of polymerization and
molecular weight of PS on each arm can be calculated from the ratio of area of peak g (all protons
in the benzyl ring) to peak a (6=1.21 ppm). Detailed molecular weight and molecular weight

distribution about each polymer sample can be seen in Table 4.1. It is noticeable that the molecular
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weights obtained from GPC deviate from the results calculated from *H NMR. IT is because of
the inaccuracy of using GPC to measure the molecular weight of non-linear polymers as the
standard used for the calibration of GPC are linear PS polymers. Hydrodynamic volume of a
nonlinear polymer is smaller than that of a linear polymer with the same molecular weight and
therefore their retention times from the GPC are different.1%% 161 As a result, the total molecular
weight of the star-like polymers obtained from GPC measurements are smaller than the actual
molecular weight calculated from *H NMR. However, GPC measurements are still necessary and
informative in terms of indicating the living-controlled nature of ATRP by the symmetrical shape

of the trace curve.
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Figure 4.5. Typical '"H NMR spectrum of the PfBA-b-PS star-like block copolymer.
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Table 4.1. Molecular Weight pf PtBA-b-PS star-like block copolymers

&M, ptBA "M, pteAsinglechain M piea-ps M, pssingle chain~ °PDI
PtBA-b-PS-1 82 kg/mol 7.9 kg/mol 133 kg/mol 3.5 kg/mol 1.11
PtBA-b-PS-2 76 kg/mol 7.4 kg/mol 159 kg/mol 4.3 kg/mol 1.16
PtBA-b-PS-3 82 kg/mol 7.9 kg/mol 167 kg/mol 4.3 kg/mol 1.13
PtBA-b-PS-4 150 kg/mol 13.9 kg/mol 272 kg/mol 6.3 kg/mol 1.13

4Total number average molecular weights of PtBA and PtBA-b-PS star-like polymer were
determined by GPC. ®YNumber average molecular weight of each PtBA and PS block were
calculated from 1H NMR. ®Polydispersity index (PDI) were determined by GPC

The successful hydrolysis of PtBA block into PAA block can be confirmed by comparing
the FT-IR spectra of the polymer before and after the reaction. As shown in Figure 4.6., the
appearance of a broad absorption peak at 2500 to 3600 cm™ indicates the formation of carboxylic
acid group in the PAA blocks. In addition, the carbonyl stretching shifted from 1726 cm™ in PtBA
to 1700 cm™ in PAA, further confirming the conversion of PtBA into PAA. The molecular weight
of PAA blocks can be calculated from the difference in molecular weight of tBA group and acrylic
acid group. The molecular weight and distribution of amphiphilic PAA-b-PS star-like block

copolymer are summarized in Table 4.2..
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Figure 4.6. FT-IR spectra of PIBA-b-PS and PAA-b-PS star-like polymers.

Table 4.2. Molecular Weight pf PAA-b-PS star-like block copolymers

@M, PtBA single chain 5Mn, PAA single chain M, Ps single chain
PtBA-b-PS-1 7.9 kg/mol 4.4 kg/mol 3.5 kg/mol
PtBA-b-PS-2 7.4 kg/mol 4.1 kg/mol 4.3 kg/mol
PtBA-b-PS-3 7.9 kg/mol 4.4 kg/mol 4.3 kg/mol
PtBA-b-PS-4 13.9 kg/mol 7.8 kg/mol 6.3 kg/mol
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aNumber average molecular weight of each PtBA and PS block were calculated from *H NMR.
®Number average molecular weights of PAA blocks calculated from the molecular weight
difference between tBA and acrylic acid.

Figure 4.7. TEM images of CFO nanoparticles synthesized with PAA-b-PS star-like
nanoreactor. (a) and (b) are 6.5 nm CFO nanoparticles using PAA-b-PS-1; (c) and (d) are 10 nm
CFO nanoparticles using PAA-b-PS-4.

As shown in Figure 4.7., CFO nanoparticles with different size were synthesized by using

PAA-b-PS-1 (Figure 4.7 a, b) and PAA-b-PS-4 (Figure 4.7 c, d) as nanoreactors. The as prepared
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CFO nanoparticles exhibit narrow size distribution and uniform spherical structure. The
permanently ligated PS out chains enable good dispersity and stability of the CFO nanoparticles
in toluene. As shown in Figure 4.8., well dispersed CFO nanoparticles can be accumulated on the
vial wall by a magnet bar in 12 mins and redispersed after the removement of magnet by shaking

the vial for a few seconds.

0 min

Figure 4.8. Digital images of CFO nanoparticles made from PAA-H-PS-41dispersed in toluene.
The nanoparticles can be attracted by magnet placed near the vial and redispersed in toluene
easily by hand shaking.

In addition to CFO, other metal oxide nanoparticles including NFO and FesO4

nanoparticles were also synthesized using PAA-b-PS star-like nanoreactors. Perovskite type metal
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oxide BTO nanoparticles were also prepared using the nanoreactors via a different synthetic
method. As demonstrated in Figure 4. 9., size and shape of the nanoparticles are uniform, showing

the capability of the nanoreactors to craft an array of high-quality nanocrystals.

Figure 4.9. TEM images of metal oxide nanoparticle synthesized using PAA-b-PS nanoreactors.
(a) 12.5 nm NFO nanoparticles synthesized with PAA-b-PS-4. (b) 7.3 nm Fe;O4 nanoparticles
using PAA-b-PS-1; (¢) and (d) 13.6 nm BTO nanoparticles using PAA-b-PS-4.

Moreover, other types of nanoparticles were also prepared with PAA-b-PS star-like

nanoreactors. For example, plasmonic Au and luminescent CsPbBrs perovskite nanoparticles were
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prepared and showed in Figure 4.10. The results further confirm that the nonlinear block
copolymer nanoreactor strategy is a general and robust method for the synthesis of a group of well

controlled OD nanoparticles.

Figure 4.10. TEM images of (a) 13.6 nm Au nanoparticle synthesized using PAA-b-PS-4; and
(b) 12.6 nm CsPbBr3 perovskite nanoparticles synthesized with PAA-b-PS-4.

It is worth noting that the covalently connected PS out blocks offer a superior stability of
the nanoparticles. Figure 4.11. shows CsPbBrs nanocrystals synthesized using star-like
nanoreactors maintained their photoluminescence under UV after even 10 months of storage in
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ambient environment, indicating excellent stability against environment, especially moistures. As
a comparison, CsPbBrs nanocrystals prepared without nanoreactor, or conventional ligands exhibit

no luminescent after 2 months (more tests should be done in a shorter period after the synthesis).

Figure 4.11. CsPbBr3 nanoparticle dispersed in toluene and store in lab for (a) 2 months and (b)
10 months. The nanoparticles prepared using star-like nanoreactors show excellent stability.

The ability to craft a series of nanoparticles out of the star-like nanoreactor built on solid
foundation for the further investigation of the size dependent properties of nanoparticles of
interests. In this study, | systematically studied and size and core-shell ratio dependent magnetic
field assisted OER enhancement in CFO nanoparticles, more detailed studies were conducted. The
precisely controlled size of CFO nanoparticles was realized via carefully exploring and adjusting

the reaction condition and purification process.

First, the heating process effect was investigated. When reaction mixture was quickly
heated up to 250 °C, intense decomposition of precursors during the heating process both inside

and outside the nanoreactor templates, resulting in much lower yield, more tedious purification,
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and wide size distribution of the final products. When slow heat-up strategy is applies, the
nucleation happens slowly and predominantly in the space taken by PAA blocks inside the
nanoreactors because heterogeneous nucleation in the presence of PAA polymer chains is more

energy favorable over the homogeneous nucleation in solution.

Since nanoscale spinel structured metal oxides can be easily formed at high temperature
even without ligands or surfactant. It is necessary to separate the “naked” NPs formed outside the
nanoreactors from the polymer ligated CFO NPs. Fortunately, due to the lack of ligands on the
surface and the magnetic nature of the nanoparticles formed outside the nanoreactors, they turned
to aggregate strongly. (Figure 4.12.) In sharp contrast, as shown in Figure 4.13., nanoparticles
formed inside nanoreactors are well dispersed in appropriate solvents (such as toluene and THF),
even when the reaction time is extended to 12 hours. Moreover, obvious precipitation could be
observed by eyes after overnight storage of CFO nanoparticles without template in solvents, as
demonstrated in Figure 4.14. (a). After centrifugation at 6000 rpm for 10 minutes, vast majority
of the nanoparticles are easily isolated from the solvents. On the other hand, CFO NPs prepared
via nanoreactor strategy remain well dispersed in solution even after overnight storage and
centrifugation in toluene or THF (good solvents for PS), as can be confirmed in Figure 4.14 (b).
The substantial difference between NPs with and without polymer “hairs” makes it possible to

separate them completely.
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Figure 4.13. TEM images of as synthesized CFO NPs reacted for (a) 2 hours, (b) 5 hours, (c) 8
hours, and (d) 12 hours at 250 °C, using PAA-b-PS-1 as nanoreactor.

Figure 4.14. TEM images of CFO NPs synthesized (a) without template and (b) using PAA-b-
PS-1 as nanoreactor after storing in THF for overnight and centrifugation at 6000 rom for 10
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minutes. Insets are digital images of NP dispersion in THF after overnight storage, showing the
supreme dispersity of PS-ligated CFO NPs in THF.

Furthermore, the reaction Kinetics were also carefully examined by taking aliquots from
reaction mixture at different time at the decomposition temperature. As shown in Figure 4.15. (a-
h), the decomposition and nucleation has already taken place during the heating-up process. As
the reaction progresses, NPs continued to increase in size until their growth is restricted by the

nanoreactor. (Figure 4.15. (1))

L L L ' L
0 2 5 8 12

Decomposition time (hour)

Figure 4.15. (a-h) TEM images of CFO NPs synthesized using PAA-b-PS-1 as nanoreactor at
different times during the heating process and reaction; (I) plot of NP size as a function of
reaction time

The successful preparation of high-quality PS-ligated CoFe>Os NPs enable the further
investigation of the surface reconstruction for generating CoFe2O4/CoFe,OxHy core/shell NPs.
This process involves two steps, as illustrated in Figure 4.16. Firstly, sulfur doping at elevated
temperature was performed to form a S-doped layer by heating the CFO NPs DMF solution to

certain temperature under nitrogen followed by injection of (NH4).S/DMF solution. The resulting
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product was washed with acetone and methanol and redispersed in toluene. Secondly, the samples

were cycled via cyclic voltammetry in 1M KOH to trigger the surface construction

S-doped layer reconstructed oxyhydroxide layer

(NH,),S + DMF CV Cycling %%é §
— —
Elevated 1M KOH
Tem‘:)‘;?'a‘:ure g 742%”
Under N,/Ar (g)

Figure 4.16. Illustration of the two-step surface reconstruction process

Figure 4.17. TEM images of PS ligated CFO NPs before (left column) and after (right column)
S-doping at different reaction conditions. NP size changed from 9.6+1.1 nm to 6.5+£1.4 nm when

S-doping was conducted at 100 °C for 5 minutes (a); NP size remain almost unchanged when
reaction temperature is lowered to 70°C and kept for 1 (b) or 2 minutes (c)
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As can be observed in Figure 4.17, a too high temperature or a too long reaction time
during sulfur doping process could lead to severe damage to the sample. Therefore, sample AE-1-
PS-CFO and AE-2-PS-CFO were produced by sulfur doping at 70 °C for only 1 and 2 minutes,
respectively, to avoid structural damage. However, the OER activity of surface reconstructed
CFO/CoFe;OxHy is decrease and a negative correlation between the degree of surface
reconstruction and OER activity can be clearly noticed in Figure 4.18. One possible reason is
material loss during cycling and reconstruction. In order to solve this problem, S-doped CFO NPs
were deposited on nickel foams (NFs) via electrophoresis deposition. After CV cycling and
magnetization under magnetic field (<0.5 T) for 1 hour, the samples showed enhanced
performance compared to those did not undergo magnetization treatment (Figure 4.19). This result
indicates that our strategy has the potential to keep enhancing the OER activity of CFO NPs. More
detailed study is being conducted to systematically investigate the magnetic field enhancement

OER activity of surface reconstructed CFO NPs by the collaborators of this project.
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Figure 4.18. The linear sweep voltammetry (LSV) curve of CFO NPs after surface
reconstruction.
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Figure 4.19. (a) Nyquist plots for pure nickel foam, surface reconstructed CFO NPs on NF, and
surface reconstructed CFO NPs after magnetization obtained from electrochemical impedance
spectroscopy. (b) LSV curves of surface reconstructed CFO NPs before and after magnetization.

4.4. Conclusion

In this chapter, it is successfully demonstrated that star-like block copolymers can be
prepared by sequential ATRP and used as nanoreactors for the craft of a set of inorganic
nanoparticles. Moreover, with the ability of precisely control the size of nanoparticles, the
nanoreactor strategy provides a platform to study nanoparticles’ size dependent properties. It is
preliminarily demonstrated that with careful surface reconstruction and magnetization,
paramagnetic CoFe>O4 nanoparticles could achieve an enhanced OER activity. More systematic

study is still undergoing by my collaborators.
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Chapter 5. Synthesis of Bottlebrush-like Block Copolymer as Nanoreactor for
1D Nanorods

5.1. Introduction

Cylindrical architecture of bottlebrush-like polymers offers them with unique properties
and promising applications in photonic crystals,’®? 1 biomedicine,’®* 1% self-assembled
superstructures, % 167 solid electrolyte, %8 16° super elastomers!’® 171 etc. It is important to point
out that bottlebrush-like polymers are unimolecular cylindrical micelles that are stable against
external stimuli, unlike conventional micelles formed by assembly of linear polymers dynamically.
The conceptually intuitive 1D structures of the bottlebrush-like block copolymers provide
unprecedented access to unimolecular and anisotropic nanoreactors that will lead to
straightforward synthesis of 1D nanomaterials. 1D cylindrical bottlebrush-like block copolymers
not only provide excellent compartmentalized domains in the inner block of the side chains for the
loading of the precursors, but also allow confinement to grow nanomaterials along the backbone.
The outer block polymer chains provide tunable solubility of the resulting 1D nanomaterials and
prevent agglomeration and precipitation in solution. Typically, 1D nanomaterials prepared via the
nanoreactor strategy exhibit superior properties such as stability, flexibility, solubility, over other
methods. In addition, the precise controllability of the bottlebrush-like block copolymer
parameters such as backbone length, length of each both in the side chains, side chain compositions,
and functionalities allows the bottlebrush-like block copolymers to be used as uniform

nanoreactors for the template-directed preparation of 1D nanomaterials.
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5.2. Experimental Section
5.2.1. Materials

1-Methylimidazole (>99%), allyl chloride (98%), Toluene (anhydrous, 99.8%),
dichloromethane (>99.5%), a-bromoisobutyryl bromide (BiBB, 98%), acetic acid (99.7%), diethyl
ether (inhibitor-free, 99.9%), ethanol (anhydrous, 99.5%), anhydrous dimethylformamide
(DMF, >99.8%), 1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%), sodium bicarbonate
(NaHCOg3, 99.7%), calcium hydride (CaH., 95%), N,N,N’,N’,N’’-pentamethyldiethylene triamine
(PMDETA, 99%), aluminum oxide powder (activated, neutral, ~325 mesh), tetrahydrofuran (THF,
inhibitor-free, >99.9%), acetone (99.5%), methanol (99.8%), anisole (99%), 2-butanone (99.0%),
trifluoroacetic acid (TFA, 99.9%), deuterated dimethyl sulfoxide (DMSO-ds, 99.9%), and

deuterated chloroform (CDCls, 99.96%) were purchased from Sigma-Aldrich and used as received.

Cellulose (microcrystalline, powder) was dried in vacuum oven at 40 °C for 48 h and
azeotropic distillated with toluene at 100 °C prior to bromination reaction. Copper (I) bromide
(CuBr, 98%, Sigma-Aldrich) was mixed with excess acetic acid and stirred for 30 min, and then
filtered to collect the precipitant. Afterwards, CuBr was washed with ethanol for 3 times, followed
by washing with diethyl ether, and then dried in vacuum at room temperature overnight. Styrene
(St, 99.9%, Sigma-Aldrich) and tert-butyl acrylate (tBA, 98%, Sigma-Aldrich) were distilled over

CaH> under reduced pressure prior to use.

5.2.2. Methods

Figure 5.1. shows the synthetic route of the bottlebrush-like PAA-b-PS nanoreactor. The

detailed synthetic procedure is summarized as following:
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Figure 5.1. Schematic illustration of the synthesis of bottlebrush-like block copolymer (i.e.,
bottlebrush-like PAA-b-PS) nanoreactor.

(1) Synthesis of ionic liquid 1-allyl-3-methylimidazolium chloride (AMiIMCI): The
ionic liquid is synthesized by mixing allyl chloride and 1-methylimidazole in a round bottom flask
and refluxing at 55°C for 5 hours under vigorous stirring. The crude solution was purified by
removing unreacted materials via rotary evaporator and washing with ethyl ether. After

evaporating ethyl ether, the product becomes bright yellow viscous liquid.

(2) Synthesis of brominated cellulose initiator (Cellulose-Br): Cellulose microcrystal
powder was dried in vacuum oven at 80 °C overnight and residual water was further removed by
azeotropic distillation with toluene in a large round bottom flask. AMiMCI ionic liquid was then
added into the flask to dissolve cellulose. The viscous mixture was heated to 60 °C under slow
stirring until complete dissolution of white cellulose powder, yielding a yellow transparent solution.

Subsequently, anhydrous DMF and NMP were added into the solution to dilute the mixture and
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generate a basic environment for the following bromination reaction. BiBB was then added
dropwise into the mixture under stirring at 0 °C. After 2 hours, the temperature was raised to room
temperature and the reaction was kept for 24 hours. After the reaction was finished, the crude
solution was dropped in water to yield cellulose-Br powders. After filtering and drying, the
cellulose-Br was purified by dissolving in acetone and precipitating in water for several times and

dried in vacuum oven.

(3) Manual fractional precipitation of cellulose-Br: Because the raw cellulose
microcrystal have a wide molecular distribution, manual fractional precipitation was applied to
separate cellulose-Br into different batches with narrow molecular distribution that can be used as
macroinitiator for the synthesis of bottlebrush-like nanoreactors (i.e., the length of backbone of the
nanoreactor, which is the length of 1D nanorods, will be uniform). Typically, cellulose-Br was
dissolved in large amount of acetone under stirring, water was added dropwise until the solution
start to turn translucent. The flask was kept still until phase separation is finish. The precipitation
was collected, and the clear solution was used for the next cycle of fractional precipitation

following the same procedure.

(4) Synthesis of poly(tert-butyl acrylate) (PtBA) bottlebrush-like polymer: Cellulose-
Br, CuBr, PMDETA, tBA and MEK were mixed in an ampoule and degassed by N2 bubbling for
1 hour. Afterwards, the ampoule was sealed and put into an oil bath at 40 °C. The ampoule was
taken out from the oil bath and dipped into ice bath and open to atmosphere at different desired
time to terminate the polymerization. The crude solution was diluted with acetone, passed through
neutral alumina column to remove the catalyst, and precipitated in a water/methanol mixture

(v:v=1:1). After filtration, the product was dried in vacuum oven at room temperature.
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(5) Synthesis of poly(tert-butyl acrylate)-block-polystyrene (PtBA-b-PS) bottlebrush-
like block copolymer: PtBA bottlebrush-like polymer, CuBr, PMDETA, styrene and anisole were
mixed in an ampoule and degassed by N2 bubbling for 1 hour. Afterwards, the ampoule was sealed
and put into an oil bath at 90 °C. The ampoule was taken out from the oil bath and dipped into ice
bath and open to atmosphere at different desired time to terminate the polymerization. The crude
solution was diluted with THF, passed through neutral alumina column to remove the catalyst, and
precipitated in a water/methanol mixture (v:v=1:1). After filtration, the product was dried in

vacuum oven at room temperature.

(6) Synthesis of poly(acrylic acid)-block-polystyrene (PAA-b-PS) bottlebrush-like
block copolymer: PtBA-b-PS bottlebrush-like block copolymer was first dissolve in DCM into
which trifluoroacetic acid (TFA) was added dropwise under vigorous stirring at room temperature
for hydrolysis. After 24 hours, the DCM was removed by rotary evaporator. The PAA-b-PS
product was purified by dissolution-precipitation with DMF and methanol and dried in vacuum

oven at room temperature.

5.2.3. Characterization

The molecular structure and bromination of efficiency of Cell-Br was characterized by
proton nuclear magnetic resonance spectroscopy (*H NMR). The molecular weight and
polydispersity of Cell-Br before and after fractional precipitation, bottlebrush-like PtBA, and
bottlebrush-like PtBA-b-PS were collected by gel permeation chromatography (GPC) with a
G1362A refractive detector, a G1314A variable wavelength detector, one 5 um LP gel mixed bed
column (molecular range: 200~3x108 g/mol), and one 5 pm LP gel column (500 A, molecular
range: 500~2x10* g/mol), calibrated using monodisperse linear PS as standard. THF was used as
mobile phase with a flow rate of 1.0 ml/min at 35°C. The molecular weight of each arm of PtBA
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and PtBA-b-PS in the bottlebrush like nonlinear polymers were determined by *H NMR using
Bruker Avance Il 400 nuclear magnetic resonance spectroscopy using CDClz as solvent. The
successful hydrolysis of PtBA-b-PS into PAA-b-PS was confirmed by Nicolet 6700 Fourier-
transform infrared spectroscopy (FT-IR). Atomic force microscopy (AFM) were conducted with

Bruker Dimension Icon 3100 in soft tapping mode.

5.3. Results and Discussion

As shown in Figure 5.2., the esterification of hydroxyl groups on cellulose with BiBB was
confirmed by the *H NMR spectrum with CDCls. The bromination efficiency was calculated to be
close to 100% from the ratio of integral area of peak a (6 =1.6-2.0 ppm, methyl protons of cellulose-
Br) to protons of cellulose backbone (6 =3.5-6.0 ppm), indicating that almost all the hydroxyl

groups on cellulose were converted into bromine containing ATRP initiating site.!
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Figure 5.2. "H NMR spectrum of the cellulose-Br macroinitiator.

The total molecular weight and polydispersity index (PDI) of cellulose-Br obtained from
fractional precipitation, as well as PtBA and PtBA-b-PS bottlebrush-like polymer and block
copolymer were obtained by GPC. It can be observed that the original cellulose-Br has very wide
molecular distribution. Yet, fractional precipitation produces narrowly distributed cellulose
batches that can be used as initiators (Figure 5.3a). Three batched of PtBA bottlebrush-like
polymer with different molecular weight was synthesized, showing the ability to control length of

PtBA blocks which determine the diameter of the nanorods formed inside the nanoreactors.
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(Figure 5.3 b) Meanwhile, the outer block PS could be uniformly grafted from the PtBA arms, as

indicated by the symmetrical shaped of the GPC trace curve.
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Figure 5.3. (a) GPC traces of cellulose-Br macroinitiators; (b) GPC traces of bottlebrush-like
PtBA and PrBA-b-PS.

'H NMR was also used to confirm the molecular structure of PtBA bottlebrush-like

polymer and to determine the degree of polymerization and molecular weight of single chain of

PtBA grafted onto the cellulose macroinitiator. As shown in Figure 5.4., the molecular weight of

each arm of PtBA can be calculated from the ratio between area of peak b (6=1.45 ppm, methyl

protons in tert-butyl group) and peak a (6=1.21 ppm, methyl protons at the o-end of PtBA chain).**
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Figure 5.4. Typical '"H NMR spectrum of the P/BA bottlebrush-like polymer.

After ATRP of PtBA, the bottlebrush-like polymer can be used as macroinitiator to further
grow the second block from each arm. As shown in Figure 5.5., *H NMR spectrum confirms the
successful grafting of PS from the PtBA bottlebrush-like macroinitiator. Similarly, the degree of
polymerization and molecular weight of PS on each arm can be calculated from the ratio of area
of peak g (all protons in the benzyl ring) to peak a (6=1.21 ppm). Detailed molecular weight and

molecular weight distribution about each polymer sample can be seen in Table 5.1.
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Figure 5.5. Typical 'H NMR spectrum of the PfBA-b-PS bottlebrush-like block copolymer.

Table 5.1. Molecular Weight of PtBA-b-PS bottlebrush-like block copolymers

M, prea M, PtETA single M. PaA-PS dM, P? single epD|

chain chain
Cell6.5K-PtBA24K 24 kg/mol 1.6 kg/mol - - 1.08
Cell6.5K-PtBA48K 48 kg/mol 3.1 kg/mol - - 1.11
Cell6.5K-PtBA94K 94 kg/mol 5.8 kg/mol - - 1.15

Cell6.5K-PtBA94K-

PS240K 94 kg/mol 5.8 kg/mol 272 kg/mol 11 kg/mol 1.21

4Total number average molecular weights of PtBA and PtBA-b-PS star-like polymer were
determined by GPC. ®YNumber average molecular weight of each PtBA and PS block were
calculated from 1H NMR. ®Polydispersity index (PDI) were determined by GPC
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The successful hydrolysis of PtBA block into PAA block was confirmed by comparing the
FT-IR spectra of the polymer before and after the reaction. As shown in Figure 5.6., the
appearance of a broad absorption peak at 2500 to 3600 cm™ indicates the formation of carboxylic
acid group in the PAA blocks. In addition, the carbonyl stretching shifted from 1726 cm™ in PtBA
to 1700 cm™ in PAA, further confirming the conversion of PtBA into PAA. The molecular weight

of PAA blocks can be calculated from the difference in molecular weight of tBA group and acrylic

acid group.
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Figure 5.6. FT-IR spectra of PrBA-b-PS and PAA-b-PS bottlebrush-like polymers.
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It is worth noting that it is more challenging to synthesize bottlebrush block polymers than
star-like block copolymers due to the larger number of side chains on one Cell-Br macroinitiator
(ranging from about 40 chains to more than 150 chains), high quality bottlebrush-like block
copolymers are more challenging to synthesize than star-like block copolymers, which only have
21 arms. The ability to polymerize each chain in the bottlebrush polymer is a prerequisite to obtain
high quality 1D nanoreactor and the 1D nanocrystals. Therefore, the main effort in this chapter is
focused on the exploration of the appropriate polymerization conditions to achieve the ideal

bottlebrush-like block copolymer nanoreactors.

As summarized in Table 5.2., a common issue found in the synthesis of bottlebrush PtBA
is the tailing in the low molecular weight in the GPC curve (Figure 5.7). This is usually caused by
ununiform initiation of the side chain polymers and the appearance of dead chain ends during the
reaction.’? Many parameters were tuned to prevent the appearance of the tail, including the ratio
between -Br group and Cu(l)Br, ligand, monomer, and solvent, as well as adding Cu(l1)Br, and
Cu(DClI in the catalyst system. However, the improvement in the polymerization results is not

consistent and the problems seemed to be hard to control.
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Figure 5.7. Examples of bottlebrush-like PrBA polymers with tailing in their GPC curves.

Although the tailing could be prevented in some trials list in Table 5.2., their reproducibility
and Kinetics between different batches using the same reaction condition are poor. Due to the
inconsistency in the reaction kinetics and the uncontrollable tailing in the reaction, it is suspected
that the bubbling method is not enough to remove oxygen thoroughly enough. Also, the freshness
of CuBr catalyst was also found to be critical affecting the reaction. This is because Cu(l)Br,
although stored in the fridge, still undergoes oxidization gradually, which could be evidenced by
observing the color changing from white to green and then to blue. The partial oxidization of
Cu(D)Br introduce uncertainty and inaccuracy in the polymerization. Therefore, freshly prepared

Cu()Br was used for each polymerization. Yet, the polymerization kinetics kept changing from
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batch to batch. Therefore, freeze-pump-thaw (FPT) method was employed to replace the more
convenient inert gas bubbling method to completely and repeatably deoxygenize the system. In
fact, FPT method led to the appearance of coupling peak in the high molecular weight region in
GPC curves, likely due to the reaction kinetic became too fast because of more inert environment

and fresh Cu(l)Br. This coupling could be easily prevented by diluting the reaction system.

Table 5.2. Reaction Parameter Tuning of ATRP of Bottlebrush PtBA

Cellulose-Br Reaction Parameter Result

(Br: CuBr: Ligand: monomer, solvent volume)

15.9k 1:1:2:1000, 44mL Small tail
15.9k 1:1:6:1000, 44mL Small tail
15.9k 1:0.5:2:1000, 66mL Small tail
15.9k 1:0.5:2:1300, 66mL No tail
19k 1:1:2:1000, 44mL Tail
19k 1:1:6:1000, 44mL Small tail
19k 1:0.5:2:1000, 66mL Small tail
19k 1:(0.25+0.25CuCl):2:1000, 44mL Large tail
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19k 1:0.5:4:1000, 44mL Tail

19k 1:0.5:8:1300, 66mL Small tail

19k 1:(0.45+0.05 CuBr,):4:1000, 66mL No tail

With appropriate reaction condition and concentration, as well as higher deoxygenation
efficiency, high-quality bottlebrush PtBA could be reproducibly synthesized when their molecular
weight is not larger than 10 times of that of Cellulose-Br initiator. In order to be able to synthesize
longer PtBA, more modifications are needed, such as higher bromination efficiency of the initiator

and more purification of the initiator.

Owing to the relatively slow reaction Kinetics, bottlebrush PS are easier to be achieved, if
the first block is polymerized well. It is worth pointing out that the kinetic of PS polymerization
varies largely based on the first block, probably due to different chain end fidelity achieved from
the synthesis of the first block. Therefore, more experiment needs to be done to fully solve the
tailing issue in the first block synthesis and be able to synthesize bottlebrush PtBA with larger

molecular weight (i.e., larger than 10 times of the molecular weight of cellulose backbone).

After hydrolysis of PtBA into PAA block, bottlebrush like PAA-b-PS was fully dissolved
in DMF and then spin-coated on silicon wafer to the visualization under AFM. As shown in Figure
5.8, wormlike 1D morphology was observed. The templates did not possess perfect 1D nanorod
morphologies because of the extraordinarily long PS side chains and a partial coupling during the

synthesis of PS block. Nevertheless, being able to observe 1D morphology is an important

87



milestone in this project, indicating that the quality of nanoreactor templates is close to the
requirement for the craft of 1D inorganic nanorod. This work will also be continued by me as a

postdoctoral fellow in Professor Lin’s research group.

Figure 5.8. AFM images show the 1D warm-like morphology hydrolyzed Cell9K-P/BA113k-
PS300k nanoreactor.

5.4. Conclusion

In summary, a comprehensive study was conducted to explore the synthesis of high-quality
bottlebrush block polymers with uniform and densely grafted side chain block copolymers via
sequential ATRP on a cellulose macroinitiator using the graft from strategy. Experiment conditions
were examined individually and systematically to solve the tailing issue, which is commonly seen
in bottlebrush polymer synthesis. 1D warm-like morphologies were successfully observed under
atomic force microscopy, representing an important step towards to high quality rigid 1D

nanoreactor, which could be applied in the inorganic nanorod synthesis.
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Chapter 6. Reversible Photo Crosslinkable 2D Organic-Inorganic Metal
Halide Perovskite Nanoplates for Advanced Optoelectronic Devices

6.1. Introduction
Halide perovskites, as an emerging class of semiconducting materials with outstanding

optoelectronic properties, have a general chemical formula ABXs, where A* and B?* are cations
of different size and X are halide anions (CI-, Br, I) that coordinate with the B?* cations and form
corner sharing BX6 octahedrons to construct the 3D structure.!™ 2D halide perovskites represent
a subclass of halide perovskites. They are layered perovskite structures consisted of inorganic BXe
octahedron slabs intercalated with organic cation spacers, which are normally large aliphatic or
alkylammonium cations.}’ 1> Currently, the most studied 2D perovskite is the so called
Riddlesden-Popper (RP) phase 2D perovskite where the perovskite layers are cut along the <100>
crystallographic planes according to the 3D structure.!’® 17" The RP compositions can be generally
described as LoAn-1BnX3n-1, Where L represents the large organic cation spacers and n indicates the
number of BXs layers in the perovskite slab. The introduction of large organic cation spacers
renders the RP 2D perovskites with superior stabilities compare to traditional 3D perovskite: First,
2D perovskites tend to have better humidity stability because the organic spacers are generally
hydrophobic organic ammonium cations, which can prevent water molecules from contacting and
penetrating into the 2D perovskite inorganic crystal lattice;!’® Second, 2D perovskite are more
structurally stable because the strong van der Waals forces between the organic layers result in a
higher formation energy to the RP perovskites. 1'% 18 An emerging research direction in the study
of 2D perovskite is the investigation of the role of organic spacers in influencing the properties of
the semiconductor. In this context, semiconducting organic cations are being heavily research
recently.'81-183 Besides, it is also worth exploring the possibility of adding new functionality to the
2D perovskite such as responsibility towards stimuli by using responsible organic spacers.
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Coumarin, a class of phenolic substances composed of fused benzene and a-pyrone rings,
are naturally available in many plants and has been widely studied in biology, medicine and
polymer science.’® Coumarin undergo [2+2] photodimerization and photocleavage under
irradiations with different wavelength. This unique reversible photo responsibility has attracted

18 photoactive surfaces,'® light and energy

many research interests in liquid crystals,
harvesting,'®” etc. Recently, our group synthesis star-like PAA-b-PMAMC nanoreactor with
coumarin in the repeating unit in the outer block polymers and successfully prepared Au NPs that
undergo reversible photo induced self-assembly.*® In this chapter, we plan to utilize the reversible

photodimerization and photocleavage feature of coumarin molecules to craft coumarin containing

2D perovskites and investigate their photo-tunable properties.

6.2. Experimental Section
6.2.1. Materials

7-Hydroxy-4-methylcoumarin (1, 97%, Thermo Scientific), 7-amino-4-methylcoumarin
(2, >98.0%, TCI), 2-(tert-butoxycarbonylamino)ethyl bromide (, 2-Boc ethyl bromide, >98%,
TCI), 3-(tert-butoxycarbonylamino)propyl Bromide (3-Boc propyl bromide, >98%, TCI), 4-(tert-
butoxycarbonylamino)butyl bromide (4-Boc butyl bromide, >90%, Sigma-Aldrich), toluene (ACS,
VWR), dichloromethane (ACS, VWR), chlorobenzene (ACS, Beantown Chemical), anhydrous
dimethylformamide (DMF, Millipore), lead bromide (99.99%, TCI), lead iodide (99.9985%, Alfa
Aesar), butylamine (99%, Alfa Aesar), hydrobromic acid (48 wt%, Alfa Aesar), hydroiodic acid
(57 wt%, Beantown Chemical), diethyl ether (ACS, Millipore Sigma), ethanol (200 proof, Koptec).

All materials were used as received.
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6.2.2. Methods

(a) Synthesis of 7-ammonium 4-methylcoumarin halide and butylammonium halide:
The preparations of 7-ammonium 4-methyl halide and butylammonium halide are modified
according to literatures.’®® 18 In short, excess amount of halide acids were dropped into an
acetone/7-amino-4-methylcoumarin or a methanol/butylamine mixture at 0 °C. The reaction
mixture was stirred for 2 hours and then washed with diethyl ether three times and dried in oven

before use.

(b) Synthesis of 4-methylcoumarin-7-O-alkyl-Boc: In order to prepare 4-
methylcoumarin-alkyl-ammonium bromide, a boc protecting strategy was applied based on
literatures with modifications.!® Typically, 1 g (5.68 mmol) 7-hydroxy-4-methylcoumarin is
dissolved in 30 mL acetonitrile and 30mL acetone. After full dissolution, 3.91g (28.4 mmol)
potassium carbonate is added to the solution and stirred for 1 hour. Then, 14.2 mmol Boc-alkyl
bromide (i.e., 2-Boc ethyl bromide, 3-Boc propyl bromide, and 4-Boc butyl bromide) is added to
the mixture and stirred under Ar or N2 environment at 65 °C overnight. The reaction is then allowed
to cool down to room temperate. Large amount of water is then added into the reaction flask and
then acetonitrile and acetone are removed via rotary evaporation, resulting in white precipitates in
water. The solid is separated by filtration, washed with copious amount of water and diethyl either

and dried in oven overnight.

(c) Synthesis of 4-methylcoumarin-7-O-alkyl-ammonium bromide: In a typical
experiment, approximately 1 mmol dried products from step (b) is dissolved in 30 mL of acetone.
3 mmol of 48 wt% hydrobromic acid is then added to the solution and allowed to stir for 2 hours
under Ar environment at 50 °C. After cooling down, the product was filtered and washed with
copious amount of diethyl ether and dried in vacuum oven before use.
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(d) Synthesis of (R-NH3)2PbXs nanoplatelets: Stock solutions were prepared by
dissolving precursors (PbX2 and LX) in DMF at concentration of 0.05 M for PbX> and 0.1 M for
LX. 50 uL of stock solution were then injected quickly into 10 mL of toluene under vigorous
stirring at room temperature. For simplicity, 2D perovskite nanoplatelets synthesized from 7-
ammonium-4-methylcoumarin halide are labeled as C2PbX4, while nanoplatelets prepared using
4-methylcoumarin-7-O-alkyl-NH3Br are labeled as CE2PbBrs, CP2PbBrs, and CB2PbBrs, when an

ethyl, propyl, and butyl group was between the coumarin group and ammonium end, respectively.

6.2.3. Characterization

The morphologies of as synthesized perovskite nanoplatelets were obtained using Hitachi
HT7700 transmission electron microscopy (TEM) operating at 60 kV. X-ray diffraction (XRD)
data were recorded by a Panalytical XPert PRO Alpha-1 diffractometer using Cu-Ka radiation
(1.54 A, at 45 kV and 40mA) with a step of 0.08° per 16 s. The UV-vis spectra were obtained with
a Shimadzu UV-2600 spectrometer. The photoluminescence spectra were obtained by a
PerkinElmer LS 55 fluorescence spectrometer. The molecular structure of coumarin containing A
cations and intermediate products were analyzed by *H NMR using Bruker Avance 111 400 nuclear

magnetic resonance spectroscopy using DMSO-ds, Acetone-ds, and CDCl3 as solvents.

6.3. Results and Discussion

The successful conversion of 1 into 7-ammonium 4-methylcoumarin halide was confirmed

by the *H NMR spectrum using DMSO-DG6 as solvent, as shown in Figure 6.1.
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Figure 6.1. '"H NMR spectra of (a) 7-amino-4-methylcoumarin and (b) 7-ammonium-4-

methylcoumarin halides (chloride in the upper panel, bromide in the center penal, and iodide in
the lower panel).

UV-vis absorption and PL spectra were used to characterize the optical properties of the
2D perovskite nanoplatelet (Figure 6.2 (a)). However, the poor solubility of coumarin group in
non-polar solvents significantly limit the reproducibility of the experiment. As can be seen in
Figure 6.2 (b) synthesis of C2PbBr4 was repeated for three times under the exact same conditions
but resulted in a drastic difference in the UV-vis absorption and PL results. Therefore, it is not
practical to produce photo crosslinkable coumarin containing 2D perovskite nanoplatelets by

directly and barely using 7-ammonium-4-methylcoumarin halide as A cation.
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Figure 6.2. (a) UV-vis absorption and (b) PL spectra of as synthesized C,PbX4 nanoplatelets.
(c) UV-vis absorption and (b) PL spectra of three as synthesized CoPbBr4 nanoplatelets batches,
showing poor reproducibility.

To solve the problem of poor reproducibility, two strategies were applied. First, mixed A
cations (butylammonium bromide plus 7-ammonium-4-metylcoumarin brodie) were used instead
of single component. Butylammonium bromide (BABr) has been widely studied as bulky A
cations in 2D perovskite nanoplatelets.'” °! It is hypothesized that the formation of coumarin
containing 2D perovskite will be better controlled with the addition of BABTr, either through a

mixed A cation route or a template assisted growth route. From Figure 6.3, it could be observed
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that a new group of periodic peaks appeared in addition to the pure BA2PbBrs4 peaks with smaller
periodicity, when different ratios of BABr and 7-amonium-4-methylcoumarin bromide were used
as mixed A cations. These new peaks may be attributed to the formation of C2PbBrs, rather than
CxBAyPbBr4, because their positions and periodicity remained unchanged when the A cation
composition is varied. As such, it is more likely that the C2PbBr4 grow and stack under the

guidance of BA2PbBr4

¢ BA,PbBr, < C,BA PbBr, C, [BA, ;PbBr,
—— CBAPbBr,
+ ¢ ——C,BA, B,
+ ——BA,PbBr,

R T T

A . . A .

5 10 15 20 25 30 35 40
2 Theta (degree)

Figure 6.3. XRD patterns of pure BA2PbBr4 2D perovskite and 2D perovskite made from mixed
A cations consisted of coumarin containing A cation and BABr at different ratios.

TEM images (Figure 6.4) also confirmed the formation of 2D nanoplatelet morphologies
in the mixed A cation 2D perovskite samples. However, a big challenge remains is that the

separation of C,PbBrs from BA2PbBrs. Therefore, despite of the potential to produce photo
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crosslinkable coumarin containing 2D perovskite, the mixed A cation approach is not very suitable

for device application.

Figure 6.4. TEM images of (a) BA2PbBr4 nanoplatelets and (b) nanostructures resulted from
synthesis using BA:coumarin 1:1 mixed A cations.

The second method could be used to solve the solubility issue is molecular modification of
the coumarin containing A cations to enhance their solubility in non-polar solvent inherently. We
attempted to attach alkyl chains of varied chain length as spacers between ammonium group and
the coumarin groups and explore their influence on the synthesis of 2D perovskite. To synthesize
coumarin containing A cations with spacers of distinct length, a two-step reaction was conducted,
as detailed in the Experimental Section. *H NMR was used to confirm the successful preparation

of the A cations (e.g., using propyl group as spacer, shown in Figure 6.5)
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Figure 6.5. 'H NMR spectrum of (a) 7-hydroxyl-4-methylcoumarin, (b) 4-methylcoumarin-7-
O-propyl-Boc, and (¢) 4-methylcoumarin-7-O-propyl-ammonium bromide.

Ethyl, propyl, and butyl groups have been used as spacers for the modification. Based on
the observation, when butyl groups are anchored onto coumarin groups, the solubility of the
produced 2D perovskite nanoplatelet was improved. Yet, the enhancement is not significant
enough to be detected by eyes when ethyl and propyl groups were applied as spacers. Despite the
poor solubility, UV-vis absorption and PL emission results still show characteristic features of 2D
perovskite. (Figure 6.6 (d-f)) With the sharp contrast with the optical properties of coumarin
containing ammonium bromides shown in Figure 6.6 (a-c), it is convincing that 2D perovskite

nanoplatelets have been formed.
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Figure 6.6. UV-vis absorption and PL emission spectra of coumarin containing A cations with
(a) ethyl (b) propyl (c) butyl group as spacers and 2D perovskites synthesized from coumarin
containing A cation with (d) ethyl (e) propyl (f) butyl group as spacers.

TEM was used to observe the morphologies of obtained nanocrystals. It can be seen that
some 2D nanostructures were formed. However, they lack uniform morphology and have very
different morphology when spacer species changed. Due to the limitation in solubility and the ease
of degradation of perovskite nanocrystals against many solvents due to their ionic structure,
purification becomes a big challenge. Fortunately, a trend in the increase in solubility has been

noticed, indicating the possibility of completely solving the problem when alkyl spacers are even

longer than butyl group.
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Figure 6.7. TEM images of coumarin containing 2D perovskite nanoplatelets using coumarin
containing A cations with (a) ethyl (b) propyl and (c) butyl groups as spacers.

6.4. Conclusion

In this chapter, coumarin containing molecules were attempted, for the first time, as A
cations for the synthesis of 2D perovskite nanoplatelets. Due to the limited solubility of coumarin
groups in non-polar solvent, molecular modification was conducted to vary the length of spacers

from 0 carbon, 2 carbons, 3 carbons, to 4 carbons. The synthesis became non-reproducible when
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no spacer is present. A trend in the enhancement of solubility could be found when larger spacers
are used. XRD confirmed the appearance of a group of periodic peaks, indicating the formation of
2D structures. TEM also reveals that 2D morphology are formed, despite the lack of uniformity,
which is highly likely due to the solubility issue of the spacers. Overall, this project proves the
potential in coumarin to be used as A cations to form functional and photo responsive 2D

perovskite nanomaterials and will be continued in my post-doctoral study in Professor Lin’s group.
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Chapter 7. General Conclusions and Broader Impacts

7.1. General Conclusions

On the basis of the results and discussion in Chapter 3-6, we explored the synthesis of
organic-inorganic hybrid nanocrystals in 0D, 1D, and 2D and studied practical applications of a
unique ternary nanocomposite system. Nanoparticles were first synthesized via conventional
colloidal method to form multi-functional nanocomposite with significantly improved
antibacterial properties under ambient environment and showed great potential as antibacterial
food packaging materials when mixed with cellulose nanofibrils. In addition, precise synthesis of
0D nanoparticles and 1D nanorods were enabled via a unique yet universal and robust nonlinear
block copolymer nanoreactor strategy developed in our group. The dimensions of nanocrystals
could be easily tuned via controlling the polymerization of block copolymers while the surface
chemistry could be changed by growing outer block polymers with targeted functionality such as
responsibility towards environment stimuli and semiconducting properties. Moreover, inspired by
a previous work in the group where photo responsive polymer with coumarin group in the
repeating units in the outer polymer block, we investigate the potential of using coumarin
containing molecules as A cations to synthesize light responsive and reversible crosslinkable 2D

perovskite nanoplatelets.

First of all, water dispersible antibacterial Ag NPs, semiconducting TiO. NPs, and
upconverting NaYF4@Yb:Tm NPs were synthesized via conventional colloidal synthetic methods.
Ligand exchange treatment was applied when needed. It was found that the combination of Ag
and TiO2 NPs could remarkably improve their photocatalytic and antibacterial activity through a

synergistic effect which reduce the bandgap of TiO- due to the electron transfer from Ag to TiO>
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under visible light and the higher ratio of Ti (I11) oxide on the surface of TiO due to its interaction
with Ag. With the introduction of UCNPs, the NIR irradiation is be converted blue and UV lights
which could be absorbed by Ag and TiO2 NPs, respectively, and boost their activity. As a result,
more ROS were generated (predominantly -OH) even under ambient light environment. This
ternary nanocomposite showed great potential to be used in food packaging industry as they can
be easily mixed with cellulose and other hydrophilic polymers while still maintain the outstanding

antibacterial performance.

Second, we utilized a set of star-like PAA-b-PS block copolymers as nanoreactors for the
synthesis of a library of OD plain nanoparticles. The size of the nanocrystals is controlled by the
space taken by the inner PAA block, which can be precisely tuned the polymerization time due to
the living characteristic of ATRP. The permanently and intimate tethering of the outer block PS
overs supreme stability of the nanocrystals grown inside the nanoreactors. A series of nanoparticles
were successfully prepared, including spinel metal oxide such as CoFe20s, NiFe20s, Fe30a,
perovskite oxide such as BaTiOz, metal halide perovskite such as CsPbBrs, and metallic
nanoparticles such as Au. We then systematically studied the magnetic field enhancement of the
OER activity in CFO NPs by crafting CFO/CoFe2OxHy core/shell structure via surface
reconstruction of PS ligated CFO NPs. Preliminary results confirmed the enhancement of OER
activity in the nanoparticles after magnetization owing to the spin-pinning effect, which is the first

time that spin-pinning effect is utilized to improve electrocatalytic activity at nanoscale.

Third, we investigate the synthesis of high-quality bottlebrush block copolymers via graft
from method using brominated cellulose as backbone polymer. Multiple reaction parameters were
systematically adjusted to unveil their effects on the polymerization of first block PtBA. It was

found that freshness of Cu(l)Br catalyst and the degree of deoxygenation is of vital importance for
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the synthesis of bottlebrush PtBA without tailing in GPC. So far, low and mediate length PtBA
(<10 times of the molecular weight of Cellulose backbones) could be successfully produced. When
uniform growth of side chain polymer could be realized, 1D morphology could be observed under
AFM. As high grafting density and uniform polymerization of each block are prerequisites for the
successful synthesis of 1D nanocrystals, it is necessary to continue fine tune reaction parameters

and improve the quality of cellulose-Br initiators in the future.

Lastly, photo responsive reversible crosslinkable coumarin containing molecules were
synthesized and used as A cations for the synthesis of 2D perovskite nanoplatelets. The
reproducibility of 2D perovskite using coumarin ammonium halide without spacers is extremely
low due to the poor solubility of coumarin in non-polar solvents such as toluene. When alkyl
groups were anchored between coumarin group and ammonium ends, a gradual improvement in
the solubility could be observed. TEM and XRD confirmed the formation of 2D structures.
However, more systematic study is still in need to allow the control in morphology and in-depth
understanding the growth mechanism of coumarin containing 2D perovskite nanoplates.
Furthermore, exploration of their photo responsibility and resulted photo tunable properties will

be conducted.

7.2. Broader Impacts

In this dissertation, we systematically explored the synthesis of nanocrystals with different
morphologies ranging from 0D to 2D via different synthetic methods. OD and 1D nanocrystals of
different size and dimensions could be readily synthesized by capitalization on judiciously
designed nonlinear block copolymers, i.e. nanoreactors. In addition, nanocrystals synthesized via
nanoreactor strategy is advantageous over conventionally prepared nanocrystals in that
nanoreactor strategy provides permanent capping of functional polymers which provide superior
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colloidal stabilities, while conventionally synthesized nanocrystals are dynamically covered with
small organic ligands which results in poor long-term stability. The highly stable nanocrystals and
the tunable functionality determined by the properties of outer block polymers manifest their great
potential in the energy related applications including light emitting diode, sensing, electrocatalysis,
photocatalysis, etc. Moreover, we not only focused on nanoreactor strategy to craft high quality

nanocrystal, but also research on exploring new materials for practical applications.

First, in Chapter 3, we developed an innovative ternary nanocomposite for enhanced
antibacterial performance by capitalizing on the synergistic effect of Ag/TiO2 NP mixture and the
utilization of NIR irradiation by the UCNPs. The fast development in food industry needs highly
efficient and safe material solutions to ensure the safety of food. Ag and TiO have been studied
as potential candidate as antibacterial active component in the food packaging. However, the
concerns of toxicity of Ag and the requirement of UV by TiOz to kill bacteria greatly limited their
usage. We creatively introduce a upconverting NPs which can convert NIR irradiation into blue
and UV lights into the Ag/TiO2 nanocomposite to reduce the usage of Ag and eliminate the need
of UV simultaneously while keeping an outstanding antibacterial performance under ambient
environment. Due to the water dispersibility of the nanocomposite, it can be easily mixed with
many hydrophilic polymers including cellulose nanofibrils to form antibacterial films. This work
provides a possible solution for food packaging industry to produce high efficiency and safe

antibacterial packaging materials that work under ambient environment.

Moreover, in Chapter 4, we synthesized a set of monodispersed 0D nanoparticles by
capitalizing on a unique, robust, and universal star-like nonlinear block copolymer nanoreactor
strategy. The permanent and intimate attachment of outer block polymers protect the surface atoms

from dissociation into environment or unwanted reactions under external stimuli such as heat,
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moisture, Oy, etc. rendering outstanding colloidal stability and composition stability to the
nanoparticles. Therefore, this strategy has great potential for preparing highly uniform 0D
nanocrystals and is a perfect tool for the study of structure-property relationship in nanomaterials.
In this work, we scrutinized the OER enhancement of CoFe,O4 nanoparticles synthesized via star-
like PAA-b-PS nanoreactor. Owing to the stability and uniformity, we were able to adjust the
degree of surface reconstruction on the CFO NPs to form CFO/CoFe>OxHy core/shell
nanostructures with varied core/shell ratio. We found out the spin pinning effect induced magnetic
field enhancement in the OER activity of these ferromagnetic/paramagnetic core/shell
nanoparticles, which has never been reported before. Therefore, this work has the potential to be

extended to other electrocatalytic nanomaterials to further improve their activity.

Additionally, in Chapter 5, we systematically studied the reaction parameters for the
synthesis of high-quality bottlebrush-like block copolymer via grafting from approach. Due to the
nature of bottlebrush polymer and grafting from strategy, i.e., extremely high grafting density and
large number of active sites during the polymerization, it has remained a big challenging to prepare
bottlebrush polymers with uniformly grown side chains. In this work, we examined almost all the
key parameters on their effect on the polymerization. We also utilized different dioxygen method
and proved that freeze-pump-thaw method is more reliable to lead to repeatable reaction Kinetics.
The experience gained in this chapter will be helpful and useful for polymer chemists who need to
synthesize high-quality bottlebrush polymers. Bottlebrush-like block copolymers, like star-like,
can also be used for synthesis of 1D nanocrystals. The diameter and length of the nanocrystals
could be precisely and easily controlled by the length of polymer backbone and the side chains.
The ability to orthogonally tune dimensions of 1D nanocrystals could not be realized by other

conventional methods, providing a great opportunity to investigate their structure-property
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relationship in more depth and details that no other methods could afford. This strategy will also
be important for the preparation of 1D nanocrystals that are not thermodynamically stable in

anisotropic shape and hence impossible to be synthesized by conventional colloidal methods.

Finally, in Chapter 5, we attempted to broaden the current research in 2D perovskite
nanocrystals by introducing controlled and reversible functionality to this intriguing class of
materials. The solubility issue of photo responsive coumarin molecule is a barrier towards the
realization of this exciting idea. Fortunately, molecular modification shows the potential to solve
the solubility problem. This work may bring to the field of 2D perovskite more diversified research
topics such as controlled assembly/assembly and the resulting change in their physical properties.
Inspired by using light to reversibly couple and decouple nanoplatelets, other dynamic interactions,
such as hydrogen bonding, could also be inspected and utilized to achieve the similar controlled
reversible assembly of nanoplatelets. This idea could also be useful for the assembly or

hybridization of different nanocrystals to form heterojunctions.

In general, multiple strategies were employed in this work for the craft of functional
nanomaterials. We provided new practical solutions to the industry, demonstrated unique synthetic
approaches for prepared monodispersed nanomaterials and in depth and systematic research on
their structure-property relationships and applications in energy applications, and explored the new

research directs in controlled reversible assembly/disassembly of 2D perovskite nanomaterials.
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