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ABSTRACT

With relatively large surface areas and tunable composition and morphology, nanoparticles possess
unexpected properties comparing with their bulk counterparts. Controlled synthesis and fine-tuning of
their composition, morphology, and surface properties are the fundamental cornerstones in nanoscience
and nanotechnology towards optimized overall performance of a variety of nanoparticles discovered

today.

Upconversion nanoparticles (UCNPs) are a new family of luminescent nanomaterials attracting a large
amount of research interests, because these materials are capable of converting two or more lower-energy
photons into one high energy photon. To date, a wide range of applications have been developed,
including fluorescent microscopy, nanoscale thermometry, photodynamic therapy, optogenetics, security

inks, photovoltaic converters, and 3-dimensional volumetric displays.

This thesis focuses on exploring materials science to establish new methods for fine-tuning the size,
shape and composition of lanthanide doped UCNPs, and study their optical properties, in particular to
integrate multiple functionalities. I demonstrate the seed-mediated controlled growth approach is very
promising for on-demand production of a library of multifunctional nanocrystals. This wet-chemical
approach offers high precision in controlled synthesis of homogeneous and heterogeneous nanocrystals
with desirable size, shape and deposition of dopants. The outcomes of this thesis not only include a series
of knowledge discovered for controlled growth of lanthanide doped nanomaterials, but also lead to a
range of new applications demonstrated, such as super-resolution nanoscopy imaging, single-particle

tracking, and multimodal bioimaging.

This thesis begins with a comprehensive review of the size-/shape-dependent properties and the
controlled wet-chemical synthesis of nanomaterials, especially for the recently developed UCNPs,
forming the introduction Chapter 1. This chapter has been further enhanced by a review article surveying
the role of controlled growth and their new advances in producing highly doped UCNPs enabling new
applications (published in Nature Communications 2018). In Chapter 2, I provide the full details of
materials and methods employed in this thesis. And the following four chapters summarize the core
results from 666 synthesis experiments to produce a range of homogeneous (Chapter 3), heterogeneous

(Chapter 5) and single directional grown barcoded nanocrystals at arbitrary sizes (Chapter 6), as well as

Xl



a comprehensive characterization and investigation of crystal growth mechanisms (Chapter 4) that

underpins these synthesis techniques.

In Chapter 3, I demonstrate the seed-mediated growth method for fabricating homogeneous
nanocrystals doped with different concentrations of activator ions. While typically due to the large
synthesis-to-synthesis variation, conventional methods only result in different sizes of UCNPs during
different synthesis, my facile seed-mediated method achieves precise control in size (one nanometer
resolution) to yield a series of monodisperse UCNPs at the same size, which enables the quantitative
optical characterizations. This forms the foundation for a range of single nanocrystal measurements and
evaluations of their optical properties towards a series of novel applications in nanoscopy. This work has
resulted in three co-authored publications, the low-power stimulated emission depletion (STED)
nanoscopy (published in Nature 2017), the near-infrared emission saturation (NIRES) super-resolution
nanoscopy (published in Nature Communications 2018), and microscopic inspection and tracking of

single nanocrystals in living cells (published in Light: Science & Applications 2018).

In Chapter 4, I systematically investigate the mechanisms and a range of potential determining factors
to identify the key to the controlled growth. I discover that the reaction mix, after the core being
synthesized, plays an important role in reducing the time for the successive epitaxial growth of shells in
the seed-mediated growth method. I successfully fabricate the integrated heterogeneous core@shell
nanocrystals with high performance in luminescence intensity. While typically due to the low stability of
sub-10-nm nanocrystals in the reaction mix, it is hard to use sub-10-nm nanocrystals as the seed using
conventional methods. Here using my method, I demonstrate the sub-10-nm nanocrystals as the seeds for
epitaxial growth of the inert shells to yield the ultra-small core@shell nanocrystals. These bright and ultra-
small core@shell UCNPs will pave the way for nanomedicine applications. This work has resulted in one

first-authored research paper under submission.

In Chapter 5, I employ the heterogenecous seed-mediated growth approach to fabricate the
core@shell@shell sandwich nanostructure with various sensitizer and activator doping concentrations but
at the same size. These highly controlled samples enable the systematic characterizations to identify the
optimum doping concentrations of both sensitizers and activators from a large dynamic range, which
guarantees the same amount of active photon conversion layer between an inert core template and an inert

layer of shell that isolates the surface quenchers. This allows us to directly compare and identify the
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optimum combination of sensitizers (Yb**) and emitters (Tm>") as a new guideline to synthesize a range
of bright and small single UCNPs, particularly optimized for different excitation conditions. With the
optimized doping concentration, I have also fabricated the small and bright core@shell nanocrystals with
the size comparable to that of antibodies (~ 15 nm). This work has resulted in my second first-author

research work under submission.

In Chapter 6, I challenge to control the growth direction using the seed-mediated growth method. I first
systematically investigate the roles of the surfactant molecule oleic acid and oleate on different facets.
Through fine-tuning of the amount of surfactant molecules and the concentration of the shell precursor, I
have achieved the absolute one-direction growth of UCNPs nanorods by the layer-by-layer deposition of
precursor on the desired crystal facet. On-demand deposition of arbitrary kind of precursors along the
longitudinal direction has resulted in a series of nanorods in the length range from 24 nm to 242 nm.
Combining the heterogeneous growth approach, I demonstrate multifunctional contrast agents for
multimodal bioimaging, with each functionalization being maximized and logically assembled within a
single barcoded nanorod. This suggests future heterogeneous nanocrystals with integrated functions can
be realized by the programmable growth of multifunctional barcode crystals with tunable size,
composition, and properties. This work has resulted in a co-authored paper (published in Nature

Communications 2016) and my third first-author research work under submission.

The conclusion and future scope part, Chapter 7, summarizes the key achievements presented in this
thesis, which is around the new facile approach of the seed-mediated growth for fine-tuning the size, shape
and composition of UCNPs. I have also included discussions on the potentials of using this method and
knowledge developed here for UCNPs doped with other ions, and the fabrication of high-quality on-
demand hybrid nanocrystals to unlock a new horizon of nanomaterials science. This, in turn, will promise
a huge potential in enabling new nanotechnologies, such as super-resolution imaging, multimodal

bioimaging, optogenetics, nanothermometry, photovoltaics, and laser refrigeration.

Key Words: upconversion nanocrystals, seed-mediated growth, epitaxial growth, heterogeneous structure,

rare earth, lanthanides, multimode bioimaging, barcode.
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List of Acronyms (in alphabetic order)

CT
EDS
FWHM
MR
NIR
NIRES
OA
OA”
OAH
ODE
OM
PDT
PET
PTT
QDs
RE
SPECT
SPR
STED
STEM
TEM
TFA
THF
UCNPs
uv
XPS
XRD

Computed Tomography
Energy-Dispersive X-ray Spectroscopy
Full-Width at Half-Maximum
Magnetic Resonance

Near Infrared

Near-Infrared Emission Saturation
Oleic acid

Oleate anions

Oleic acid molecular

l-octadecene

Oleylamine

Photodynamic Therapy

Positron Emission Tomographic
Photothermal Therapy

Quantum dots

Rare Earth elements

Single Photon Emission Computed Tomography
Surface Plasmon Resonance
Stimulated Emission Depletion
Scanning Transition Electron Microscopy
Transition Electron Microscopy
Trifluoroacetate

Tetrahydrofuran

Upconversion Nanoparticles
Ultraviolet

X-ray Photoelectron Spectroscopy
X-ray Powder Diffraction
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