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Abstract

Silicon nanocrystals (SiNCs) are a biocompatible and elemental abundant sub-class of quantum
dots. Since SiNCs were prepared, many efforts have been made to get a tunable size and rich
surface chemistry that greatly expanded their applications from electronic devices to target
treatments. Among all the potential applications, SiNCs have distinct advantages over fluorescent
organic dyes in biomedical applications (e.g. bioimaging), such as high stability against
photobleaching, long photoluminescence (PL) lifetime, and the ability of conjugating with other
molecules to achieve dual-imaging or theranostics. However, their limited compatibility with
water restrained their applications. Therefore, this thesis mainly focuses on preparing SiNCs with
high water solubility without compromising their PL properties to extend their abilities for future
use in biomedical applications.

The thesis starts with an introduction about two kinds of nanomaterials (SiNCs and
dendrimers) used in the experimental parts, including properties, synthetic approaches, and
applications. Chapter 2 focuses on building dendrimer structures (poly(amidoamine) and
commercialized dendrons) on SiNCs to combine the complementary advantages of each material.
In the divergent method, a series of stepwise reactions was performed on functionalized SiNCs,
providing a promising path to build dendrimer structures on SiNCs. Some preliminary results of
conjugating commercialized dendrons and SiNCs also are presented. Chapter 3 introduces a
method to prepare amphiphilic SINCs (AP-SiNCs) by thermal hydrosilylation of H-SiNCs with
the mixed ligands. By studying the stabilities of SiNCs in buffer solutions, it is found that the
stability of AP-SiNCs could be tuned by changing the duration of thermal hydrosilylation to adapt
the needs of various applications. Chapter 4 presents the conclusions of each chapter and some

future work related to water soluble SiNCs.
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Chapter 1

Introduction

1.1 Nanomaterials and Nanoparticles

Nanomaterials, according to the European Commission, are materials that have nanoscale (1-100
nm) external dimensions or an internal/surface nanoscale structure.! Compared with their bulk
counterparts, nanomaterials show different mechanical, optical, electric, and magnetic properties
as well as chemical reactivity? because of surface and quantum effects.? Size dependent properties

make nanomaterials potential candidates in numerous applications, such as catalysis,*®

9 13,14

sensors,”” electronic devices,'* !> bio-imaging, and therapeutics.'*'® Broadly speaking,
nanomaterials are classified often into three categories: nanoparticles (zero-dimensional
nanostructures), one-dimensional nanostructures (e.g., nanorods and nanowires), and two-

dimensional nanostructures (e.g., nanosheets).!” In this thesis, different types of nanoparticles will

be introduced and studied.

1.2 Quantum Dots

Quantum dots (QDs) are semiconductor nanoparticles whose radii are smaller than the bulk
material Bohr exciton radius, and have size-dependent optical response (e.g., photoluminescence
(PL))."* In bulk semiconductors, continuous conduction and valence bands are formed by an

infinite density of energy states. When material dimensions are decreased (< 10 nm), the density



of their electronic energy states correspondingly decreases, and discrete energy levels emerge,
resulting in an increase in the band gap (Figure 1.1a!%);?>?! this phenomenon is known as quantum
confinement.? If the band gap falls in the energy range of visible light, QD PL occurs through a
radiative recombination of excitons (photogenerated electron-hole pairs).>> An example of size
dependent PL from CdSe QDs is shown in Figure 1.1b.2* This QD property is being exploited in

consumer products, such as Samsung QLED displays.

a. Energy continuum Discrete energy levels
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i
- D
&) — &
C e 4 — !-\"‘\A
" - - - 7 -

Energy
=p
L Y J
h;'|'|1
= 8 "
‘_ :
|_

@ 0 o

Builk ()
samiconductor Quantum dot

Decrease in Size

Figure 1.1. (a) A schematic representation of the relationship between the QD size and the QD
band gap. Reprinted with permission from Reference 19. (b) A photograph showing size-
dependent photoluminescence of CdSe/ZnS core-shell nanocrystals. Adapted with permission
from Reference 24.



In the years following the discovery of the quantum size effects in CdS nanocrystals by
Louis E. Brus and his colleagues in 1983,% there have been substantial efforts to develop different
kinds of QDs, for example, group II-VI compounds (e.g., CdSe,?® ZnS?’), I1I-V compounds (e.g.,
InP,?® GaAs®®), Group 14 (e.g., Si,** Ge?!), lead/tin halide perovskite (e.g., CsPbXs, X = Cl, Br,
and I’?), and core-shell structures (e.g., CsSe@ZnS**), and to understand their fundamental
properties. Although these QDs have potential applications in light-emitting diodes,** sensors,>?
and bioimaging,® etc., most suffer from the important drawback that they contain toxic (e.g., Cd,
As)*738 or rare elements (e.g., Ga, In, Se)* that limits their applications; one exceptional class of

QDs stands alone, Group 14 QDs (e.g., silicon nanocrystals).*°

1.3 Silicon Nanocrystals

Silicon (Si) is the second most abundant element in the Earth’s crust (about 28% by mass) and has
been used widely in electronic devices.*! The pioneering investigations on nanosized Si were
carried out by Canham in 1990; by HF-etching a silicon wafer, he observed the visible
photoluminescence from porous silicon.*> Subsequently, different types of silicon QDs have been
prepared and studied. When the dimensions of silicon QDs are decreased to near the bulk Bohr
exciton radius (~ 5 nm), the band gap energy increases, discrete energy levels emerge, and PL
shifts into the visible spectrum.>® One subclass of QDs, silicon nanocrystals (SiNCs), show
attractive optical properties, such as tunable PL within full visible light range, rich surface

chemistry, emission in the solid-sate, and compatibility with existing electronics industry.*>*

3



Moreover, compared with other QDs, silicon nanocrystals have advantages, such as abundance,
low toxicity, and long PL life time (tens of us).***’ These properties make SiNCs attractive

49 50,51

candidates for applications, such as LEDs,*® photovoltaics,* sensors, and biomedical

fields 47,52-54

1.3.1 Silicon Nanocrystals Synthesis

Free standing SiNCs have been prepared using various physical and chemical approaches over the
past three decades. As with all nanomaterials, the various approaches may be classified as physical,
gas-phase, solution-phase, and solid-state methods. A detailed discussion of these methods is

beyond the scope of this document; however, some key references are provided for context.

Physical methods, also known as “top-down” procedures, normally are involved in
chemical/electrochemical etching,’>¢ laser ablating,>’” or ball milling®® of a bulk silicon material
(e.g., a silicon wafer). Significant drawbacks of these methods are poor size control and inefficient
separation of particles. Gas-phase methods are performed by decomposing silane (silicon source)

9762 or plasma.® % These methods normally suffer from a broad size

with a pulsed laser
distribution caused by uncontrolled crystal growing. Solution-phase methods include two general
strategies: the first is based on the decomposition of silanes/silane derivatives under high pressure

and high temperature conditions in a suitable solvent;** % the other involves reduction of SiCls or

RSiCl; using a reducing agent (e.g., Na,%° Zintl salts,”®’! and LiAIH4’>"). A major limitation of



these methods is that the resulting SiNCs emit blue PL regardless of size (i.e., contrary to quantum

confinement prediction).

Solid-state methods are performed by thermal processing of silicon-rich precursors (e.g.,

74-76 and silicon-rich polymers’”’®). Under high temperature thermal processing

silicon-rich oxides
(with slightly reducing atmosphere), these precursors undergo a disproportionation reaction to
yield SiNCs embedded in a silica matrix; the resulting SiNCs can be liberated by HF etching. The
Veinot group has reported a method to synthesize SiNCs via thermal annealing of hydrogen
silsesquioxane (HSQ) (Scheme 1.1), a commercially available silicon-rich polymer with the
empirical chemical formula [HSiO3/2],. Thermal processing of HSQ under a reducing atmosphere
(5% Hz, 95% Ar) yields SiINCs embedded in a silica matrix (SiNC/SiO> composite),”® and the sizes
(and shapes) of SiNCs can be tuned by varying the annealing temperature (11001400 °C) and/or

the duration of annealing.”® %!

% ‘/0"5{&_
5'\0\3 }/\O—i\"R Q i H
? 7| 1100-1400°C, 1h Q si0,| HF etching " L *

H H

5% H,/95% Ar Q Q S

H

\5' Oo,srff.o /0

o N\

ol \0 \ > il V\R
"""‘/Si—o

R (R=H/another HSQ monomer)

Hydrogen Silsesquioxane (HSQ) SiNC/SiO, Composite H-SiNCs

Scheme 1.1. Synthesis of SiNCs via the disproportionation of hydrogen silsesquioxane (HSQ).
R=H/another HSQ monomer in the structure of HSQ.



1.3.2 Surface Chemistry of SiNCs

After HF-etching of a SiNC/SiO2 composite to liberate the embedded SiNCs, the resulting free-
standing hydride-terminated SiNCs (H-SiNCs) are incompatible with solution processing and tend
to oxidize when exposed to air or moist atmosphere; therefore, passivating their surfaces becomes
crucial 3273 Moreover, appropriate functionalization also can tune/enhance their PL properties®>3¢
and provide tailorable surfaces to adapt the needs of varies applications.’” To date, many
functionalization methods have been reported, most of which are derived from the surface

chemistry of bulk silicon, 3404388

Hydrosilylation is the most common approach and involves reactions of surface Si-H bonds
with unsaturated functional groups (e.g., alkene, alkyne) to form a stable Si-C bond.®® A variety

t,”? and radical initiator”) to

of conditions have been employed (e.g., heat,***° UV light,’! catalys
trigger hydrosilylation reactions. Thermally induced hydrosilylation is used widely because it is
straightforward and efficient. In a typical procedure, a mixture of H-SiNCs and a neat ligand are
heated to 100-190 °C. The ligand serves as both the solvent and reactant, and the elevated
temperature induces cleavage of the Si-H bond to initiate the reaction. This reaction has been
reported to yield ligand oligomers on the surfaces of SiNCs and provide a high surface coverage.®
In this thesis, SiNCs with red/near-infrared PL were targeted because of their potential bio-medical

application, and thermally induced hydrosilylation was used in Chapters 2 and 3 to modify NC

surfaces.



1.3.3 Optical Properties of SiNCs
1.3.3.1 Quantum Confinement

Semiconductors can be classified in the context of their band gaps generally into two categories
(direct and indirect), based upon whether the minimum of the conduction band (CB) and the
maximum of the valence band (VB) are aligned in reciprocal space (k-space) (Scheme 1.2a-b). In
a direct band gap semiconductor (e.g., CdSe) where the CB and VB are aligned, the radiative
recombination of excitons (electron-hole pairs) is much faster than that in an indirect band gap
semiconductor (e.g., Si) where the CB and VB are not aligned. This difference arises because to
make an optical transition possible in an indirect band gap semiconductor, phonons (lattice
vibrations) must be involved in the formation and recombination processes of exitons.”**> The
probability of these events occurring is much higher for Si nanoparticles (< 5nm).”**° The origin
of this behavior is the subject of much controversy and study. One explanation is that the
wavefunctions of excitons in Si nanoparticles are broadened because of quantum confinement,
leading to an increased possibility of overlap between the exciton wavefunctions (Scheme 1.2¢),

thereby achieving a higher chance of exciton formation and radiative recombination, %102
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Scheme 1.2. Simplified band structure diagram of (a) a direct band gap semiconductor, (b) an
indirect band gap semiconductor, and (c) Si nanoparticles with broaden wavefunction of excitons.

1.3.3.2 Surface effects

In addition to quantum confinement (size effect, Figure 1.2a),” the nature of the SiNC surfaces
(surface defects and surface ligands) also plays important roles in their optical responses. Surface
defects (silicon dangling bonds) and the silicon suboxide structure on the surfaces of SiNCs can
influence optical properties.!® Surface defects provide fast non-radiative traps for electrons and
reduce the PL intensity.!**!% However, the nature and effect of the silicon suboxide structure on
the PL properties (blue or red-shift of the PL maxima) is still controversial. The formation of
suboxide surface states, which lead to the recombination of excitons at the interface of a SINC core

106-109 wwhile the reduction of

and silicon suboxide shell, has been invoked to explain PL red-shifts,
silicon core size due to the surface oxidation is reported to explain the blue-shift in PL

maxima.!'%!!! Based on work by Sinelnikov et al., the effect of oxidation on the PL response of



SiNCs is size-dependent. The PL of larger SINCs (d > 2.5 nm) blue-shifted after being exposed to

moisture, while that of smaller SiNCs (d < 2.5 nm) red-shifted under the same conditions.''

Surface functionalization also can impact the PL properties of SiNCs. By passivating
SiNCs of the same size (~ 3 nm) with different ligands, a series of colour emissions in the visible
range was obtained (Figure 1.2b).3¢ The resulting particles (except for dodecene functionalized
SiNCs under inert conditinons) show fast radiative recombination rates (nanoseconds liftime),

indicating that the PL comes from surface states.
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Figure 1.2. (a) PL emission of SiNCs with different sizes prepared by the solid-state method.
Reprinted with permission from Reference 75. (b) PL emission of SiNCs passived by different
ligands. Adapted with permission from Reference 88.

1.3.4 Biomedical Applications of SiNCs

Besides “shining” in numerous optical applications, such as LEDs,* photovoltaics,* sensors,’!

the exploration of bio-medical application of SiNCs>>-* has gained attention because: i) the small

sizes of SiNCs (<10 nm) make them easy to be transported in body fluid and/or into cells;!!? i)



the bright red/near-infrared PL from SiNCs is distinguished readily from the autofluorescence of

14115 §ii) SiNCs have relatively high quantum yields (60-70 %) and high stability against

tissues;
photobleaching;''® iv) silicon-based nanoparticles are biodegradable and show low toxicity
(porous silicon based drug delivery products from pSivida Corp., MA, USA, have been approved
by the FDA);!'7 v) the long photoluminescence lifetime (microseconds) makes SiNCs ideal
materials for time-gated imaging;''® vi) the surface chemistry of SiNCs has been studied well,

87,89,119

making it possible to build bioconjugable surfaces on SiNCs; and vii) SiNCs show potential

120

as magnetic resonance imaging contrast agents'?® and induction heating agents, 21?2 which leads

to their application in dual-imaging and/or theranostics.

SiNCs have been applied in bioimaging (in vitro and in vivo) and treatment of
cancer,'?712° however, their limited compatibility with water restrained further applications.
Although water soluble SiNCs have been reported, they all have suffered from key drawbacks.

SiNCs functionalized with ligands containing ionic/polar terminal groups, such as carboxylic

126 128

acids,'?® amines,”? diols,'?’ amino acids,'”® and sugars'?’® (Scheme 1.3a), show poor water
solubility or cytotoxicity. Hydrophobic SiNCs encapsulated in phospholipid or polymer
micelles'**!3! (Scheme 1.3b) show poor stability under biological conditions and aggregate.
Finally, SiNCs functionalized with water soluble polymers (e.g., polyethylene glycol)!3? show blue

PL. The preparation of red/near-infrared emitting SiNCs that are compatible with water and

biological media is crucial to expanding the application of SiNCs to biomedical fields.

10
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Scheme 1.3. Water soluble SiNCs prepared by (a) functionalization with ionic/polar ligands, (b)
encapsuling with hydrophobic chains, adapted with permission from Reference 130, and (c)
functionalization with polymers.

1.4 Dendrimers

Dendrimers are highly branched spherical polymers with tunable and uniform size. A typical
dendrimer (Scheme 1.4'%%) is made up of four components: i) a core (e.g., small molecules,'*
nanoparticles,'*> and polymers!*¢) that provides a starting point from which to grow branches; ii)
branches formed through stepwise reactions that provide robust covalent bonds to stabilize the
whole structure and provide stimulus-response properties in some cases;'** iii) void spaces,

7

constructed from branches, that provide loadable spaces (for drugs,'*’” molecules,'*® and

nanoparticles'3!4%); and iv) surface groups that hold the potential of conjugating with multiple

molecules to adapt various applications.!4-143

11



Countless types of dendrimers have been reported since the first published preparation in

144,145 146,147 148,149

1978 by Buhleier et al.;!33 they have been applied in sensors, catalysts, photonics,

151,152

adsorbents,'>° bio-imaging, and gene/drug delivery.!'>*~1% In this section, dendrimer synthesis,

biomedical applications, and some dendrimer-nanoparticle conjugated structures will be discussed.

Core
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= Nanoparticles _—
oid space

= Polymer
/>Space for molecular cargo
G0

. Gl 7 2N
Generations G2

G3
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Surface groups
=> Cationic, anionic, neutral

= Biocompatible
“Target-directing groups

Branching

=Robust covalent structure
= Connect core to surface

Scheme 1.4. General representation of the model structure of a dendrimer. Reprinted with
permission from Reference 133.

1.4.1 Synthesis of Dendrimers

Dendrimers are synthesized via two general approaches: divergent and convergent. In a typical
divergent approach, branches are growing from a multifunctional core molecule through stepwise
reactions. Scheme 1.5a and 1.5b show the most common strategies. In Scheme 1.5a, new branches
are formed after each reaction, and the resulting terminal groups participate in subsequent reactions,
leading to formation of higher generations;'** a well-known example of dendrimers being prepared

by this approach is poly(amidoamine) (PAMAM) dendrimers.!>’ In Scheme 1.5b, after each

12



coupling step, an activation step is used to activate the terminal groups before the next coupling

134

reaction; a famous example of dendrimers being prepared by this approach is

poly(propyleneimine) (PPI) dendrimers.!*® In a convergent approach, summarized in Scheme 1.5c,
the individual dendrimer branches, called dendrons, are prepared through stepwise reactions, then
coupled to a multifunctional core molecule.!* Both divergent and convergent methods have their

own advantages that have been reported thoroughly.!3*!%

da. monomerA monomer B

3 &Y
Tcoupling coupling %wuphn; coupling =

b monomer

—
couplmg activation coupling activation

core
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dendrimer dendrimer

dendnmer dendrimer
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—p — b active complementary
coupling activation "‘ ] functional groups
— 5
coupling @ Iinactive (protected)
functional group
G=3 G=4
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core m | functionalgroups
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Scheme 1.5. (a) Synthesis of dendrimers by a divergent method (continuous coupling reactions).
(b) Synthesis of dendrimers by a divergent method (coupling-activation process). (¢) Synthesis of

dendrimers by a convergent method. Reproduced from Ref. 134 with permission from the Royal
Society of Chemistry.
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1.4.2 PAMAM Dendrimers and PPI Dendrimers in Biomedical Applications

Among numerous types of dendrimers, poly(amidoamine) (PAMAM) and poly(propyleneimine)
(PPI) dendrimers (Scheme 1.6'%°) are the ones most explored for biomedical applications;'® they
show good water solubility, can be transported in the circulatory system, and last a fairly long time
in the body before being removed by the kidneys.!®' Drugs can be loaded into the interior space
through complexation (driven by electrostatic interactions) or encapsulation (driven by
hydrophobic forces), then released slowly in biological conditions (pH ~ 7.4).162-16* Even though
some data suggest that the cytotoxicity of PAMAM and PPI dendrimers increases with each
generation because of the increasing number of terminal amine groups, these dendrimers are
considered biocompatible after appropriate modification.'>"1%7 Furthermore, the terminal amine
groups can be used to conjugate with bio-imaging contrast agents, drugs, and specific
protein/peptide binding groups through a covalent bond or combine with DNA/RNA by
electrostatic interactions; therefore, achieving functions like bio-imaging,'! drug delivery,'*?

7

targeted therapies,'>’ and gene delivery.!>®> Clearly, dendrimers are excellent scaffolds, and

researchers have been pursuing dendrimer-nanoparticle conjugated structures to extend the

capabilities of dendrimers.!¢3169

14
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Scheme 1.6. A schematic representation of molecular structures of (a) PAMAM (G3) and (b) PPI
(G4) dendrimers. Adapted with permission from Reference 160.

1.4.3 Dendrimer-Nanoparticle Conjugated Structures

As noted previously, capping ligands are crucial for tuning nanoparticle physico-chemical
properties and achieving different functional applications.!’®!7> Dendrimer structures are ideal
choices of nanoparticle capping agents, allowing them to create multifunctional nano materials.'®
The conjugated structures have been prepared through different methods, such as denrimer-
assembled nanoparticles (NPs) (Scheme 1.7a),!”*"' dendrimer-entrapped NPs (Scheme
1.7b),'76-178 stepwise divergent synthesis on NPs (Scheme 1.7¢),!*>!7*1%% and dendron-grafted NPs
(Scheme 1.7d).!817183 The dendrimer capping not only increases the water solubility and stability
of NPs, but also gives NPs loadable spaces and tunable functional groups, which enables the

resulting conjugated structures to extend chemical modifications.'®%!¢

15
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Scheme 1.7. Schematic illustration of the formation of dendrimer-based nanoparticles: a)
dendrimer-assembled NPs, b) dendrimer-entrapped NPs, c¢) stepwise divergent synthesis on NPs,
and d) dendron-grafted NPs. Adapted with permission from Reference 168.

1.5 Thesis Outline

SiNCs are promising nanomaterials for biomedical applications; however, their limited
compatibility with water and biological media limits their use. The main purpose of the present
thesis is to prepare SiNCs with high solubility without compromising their PL properties to extend
their abilities for future use in biomedical applications. Chapter 2 focuses on building dendrimer
structures on SiNCs to combine the complementary advantages of each material. Specifically, both
divergent and convergent methods were used in trying to build dendrimer strucures on SiNCs. A
series of stepwise reactions was performed on functionalized SiNCs successfully, providing a
promising path to build dendrimer structures on SiNCs. Chapter 3 focuses on preparing

amphiphilic SINCs via mixed ligands. The stability of the resulting particles was studied under

16



simulated physiological conditions. Chapter 4 summarizes the main findings and proposes future

directions.
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Chapter 2

Building Dendrimer Structures on SiNCs

2.1 Introduction

Dendrimers are synthetic highly branched polymers with tunable sizes that are prepared by
stepwise growth in nanoscale.! This unique synthesis approach gives dendrimers exceptional
properties, such as uniform size, sphere shape,? loadable void space, and tunable surface
chemistry.> Many dendrimers, such as those based upon poly(amidoamine) (PAMAM) and
poly(propyleneimine) (PPI), are believed to be delivery systems in chemotherapy because of their

good biocompatibilities and drug loading/releasing abilities.*

Silicon nanocrystals (SiNCs) are another class of nanomaterials that have drawn attention
because of their potential in biomedical applications, such as deep tissue imaging® and target tumor
imaging.® SiNCs are particularly attractive due to better biocompatibility,” abundance,® and
tunable photoluminescence.”!® In recent years, the preparation!! and functionalization'*'* of
SiNCs have been studied well, however, the limited compatibility of these materials with water

has restricted their deployment in this sector.

The goal of the work described herein has been to prepare dendrimer-coated SiNCs. In
doing so, we would combine the complementary advantages of each material, e.g., imparting
SiNCs with water solubility, drug loading/releasing ability, and rendering dendrimers traceable via

the SINC luminescent properties.

30



2.2 Experimental

2.2.1 Reagents and Materials

All reagents were used as received, unless otherwise indicated. Electronic grade hydrofluoric acid
(HF, 49% aqueous solution) was purchased from J. T. Baker. Toluene (reagent grade), ethanol
(reagent grade), hexane (reagent grade), dimethyl sulfoxide (DMSO, reagent grade), anhydrous
methanol (99.8%), 11-bromo-1-undecene (95%), ethylenediamine (99%), trichlorosilane (99%),
methyl 10-undecenoate (96%), fuming sulfuric acid (reagent grade, 20% free SO3 bases), N-
hydroxysulfosuccinimide sodium salt (Sulfo-NHS, 98%), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC, 97%), potassium bis(trimethylsilyl)amide (95%), polyester-32-
hydroxyl-1-acetylene bis-MPA dendron, generation 5 (dendron-G5-acetylene-OH, 97%),
polyester-32-hydroxyl-1-carboxyl bis-MPA dendron, generation 5 (dendron-G5-carboxyl-OH,
97%), glass beads (diam. ~5 mm), and 4 A molecular sieves (beads, 4-8 mesh) were purchased
from Millipore Sigma. Sulfuric acid (reagent grade, 95-98%), hydrochloric acid (HCI, 37%, ~12
mol/L), and magnesium sulfate (reagent grade) were obtained from Caledon Laboratory Chemicals.
Calcium carbonate (certified ACS grade) and PTFE centrifuge tube (50-mL) were purchased from
Thermo Fisher Scientific. PTFE syringe filter (0.45-pum) was purchased from Biomed Scientific.
Dry toluene was obtained from a Grubbs-type solvent purification system (Innovative

Technologies, Inc.) prior to use.
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2.2.2 Divergent Synthesis of SINC@WPAMAM Using Ester Terminated SiNCs

(SiNC-ester) as Core Material

The general approach for forming PAMAM dendrimers on the surfaces of SiNCs is summarized
in Scheme 2.1. Briefly, hydride-terminated SiNCs (H-SiNCs) were reacted with methyl 10-
undecenoate to form ester terminated SiNCs. Ester terminated SiNCs were reacted with
ethylenediamine, followed by methyl acrylate; this was repeated several times to get higher

generation dendrimer structures.
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Scheme 2.1. A schematic representation of the synthesis of SINC@WPAMAM using ester
terminated SiINCs (SiNC-ester) as the core material.
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2.2.2.1 Synthesis of Hydride-Terminated SiNCs (H-SiNCs)

Preparation of Hydrogen Silsesquioxane (HSQ): A three-neck round bottom flask containing a
magnetic stir bar was equipped with an addition funnel and two connecting tubes with stopcocks,
as shown in Figure 2.1. The reaction flask was evacuated for 5 min and backfilled with Ar. This
procedure was repeated three times, after which the reaction chamber was filled with Ar. Then,
dry toluene (210 mL) was transferred into the addition funnel using a cannula. Under an Ar purge,
concentrated sulfuric acid (70 mL) and fuming sulfuric acid (32.5 mL) were added to the round
bottom flask, and dry toluene was added dropwise from the addition funnel to the acid mixture
while stirring. (The mixture was viscous.) Subsequently, dry toluene (510 mL) and trichlorosilane
(75 mL) were introduced to the addition funnel using a cannula, and a water trap (for absorbing
the HCI formed during the reaction) was affixed to the Tygon® tubing attached to one of the outlets
from the round bottom flask. Ar was purged slowly into the apparatus until constant bubbles (2
bubbles per sec) were observed in the water trap. Next, the toluene and trichlorosilane mixture was
added dropwise (1 gtt/sec) to the flask while stirring, and the mixture was stirred for another 30
min. All the liquid was transferred into a 2 L separation funnel, followed by careful addition of a
33% aqueous sulfuric acid solution (600 mL) into the funnel and mixing. (This mixing step
released heat; shaking and releasing the pressure should be done several times during this step.) A
white precipitate formed during the mixing. After sitting for about 5 min, the white precipitate,

along with the bottom layer (aqueous layer), was drained out. The organic layer was washed with
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a 33% aqueous sulfuric acid solution (600 mL) two more times. The resulting organic layer
containing the target product was transferred to an Erlenmeyer flask and dried over a mixture of
calcium carbonate (~5 g) and magnesium sulfate (~5 g) for 12—16 h. The dried reaction mixture
was isolated via suction filtration, and the product was obtained by removal of toluene using rotary
evaporation, followed by drying in vacuo. The white solid product (yield: 28 g, 98%) was stored

under vacuum until further use and was characterized by FTIR, and NMR (in toluene-Dg).

Figure 2.1. The apparatus for synthesizing HSQ.
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Preparation of SINC/SiO; Composite: SINCs imbedded in an SiO»-like matrix were prepared by
thermal decomposition of HSQ following procedures developed by the Veinot group.'! Thermal
processing of HSQ (3.5 g) was performed in a Lindberg/Blue furnace at 1100 °C for 1 h under a
slightly reducing atmosphere (5% H2/95% Ar). (Heating profile: first, the temperature was set to
increase from 25 to 1100 °C with a ramp rate of 18 °C/min; next, the temperature was held at
1100 °C for 1 h; finally, the temperature was decreased from 1100 to 25 °C by natural cooling.)
The resulting amber/black solid was transferred to an agate mortar, about 2 mL of ethanol were
added, and the mixture was ground to a fine dark brown slurry. (During the grinding, more ethanol
was added to keep the solid wet.) The slurry was transferred into a thick-walled flask containing
glass beads and shaken for 8 h using a wrist action shaker. The solid was recovered via vacuum
filtration using Durapore® Membrane 0.1 um VVPP filter paper. The SiNCs/SiO, composite (yield:

3.3 g, 94%) was stored under ambient conditions until further use.

Preparation of Hydride-Terminated SiNCs (H-SiNCs): H-SiNCs were liberated from the
SiNC/SiO, composite by alcoholic hydrofluoric acid etching.!' In a typical etching procedure,
SiNC/Si0z (600 mg) was weighed in a 50-mL PTFE beaker equipped with a magnetic stir bar, and
9 mL of ethanol were added. The turbid liquid was sonicated for 5 min to disperse the composite.
Then, 9 mL of deionized water were added into the beaker, and the beaker was transferred to the

fume hood in the HF lab to perform the etching step. (Caution: HF is extremely dangerous and
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must be handled with great care.”) In the HF-lab fume hood, the beaker was fixed on a stir plate
and the solution was stirred for 1 min. After decreasing the stir speed, 9 mL of 49% HF aqueous
solution, measured in a PTFE measuring cylinder, were added into the beaker. The stir speed was
changed back to normal, and the mixture was stirred for 40 min until its colour changed from brown
to light yellow. At this stage of the etching procedure, toluene (~2.5 mL) was added to the solution
to extract hydrophobic H-SiNCs, and the stirring was continued for another 30 s. The stirring was
stopped to let the solution separate into two layers, and the top layer was transferred into a test
tube with a pipette. This extraction step was repeated three more times until the aqueous layer
became colourless. The H-SiNCs were isolated by centrifugation using a test tube centrifuge at
3000 rpm for 5 min, followed by two cycles of washing with dry toluene (~10 mL) and
centrifugation at 3000 rpm for 5 min. After discarding the clear colourless supernatant, the H-
SiNCs were used for the following reactions as soon as possible. H-SiNCs were characterized by
FTIR and, in light of the air sensitivity of the H-SiNCs, no additional characterization was

performed.

* Safety actions: besides the regular PPE, another pair of PTFE gloves (waterproof) were worn
on top of nitrile gloves. Anyone who works with HF should be familiar with the HF SOP and

emergency procedures.
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2.2.2.2 Synthesis of Ester Terminated SiNCs (SiNC-ester)

Ester terminated SiNCs were prepared using a variation of the thermal hydrosilylation conditions
reported elsewhere.!? H-SiNCs prepared from etching SiNC/SiOz (600 mg) were dispersed with
methyl 10-undecenoate (10 mL; 43 mmol), and the suspension was transferred into an Ar charged
Schlenk flask equipped with a magnetic stir bar. The mixture was exposed to three
freeze/pump/thaw cycles with an Ar charged Schlenk line. After the last thaw, the Schlenk flask
was refilled with Ar and heated to 180 °C with stirring under static Ar. The yellow, cloudy solution
became an orange, transparent solution in 1 h, and the reaction was kept heating for 24 h in total.
The reaction mixture was transferred into a 50-mL PTFE centrifuge tube after the reaction cooled
down. An antisolvent (hexane; 30 mL) was added to the resulting solution, and the precipitate was
collected by centrifuging at 12000 rpm for 20 min. After discarding the clear, colourless
supernatant, the yellow precipitate was dissolved in a minimum amount of toluene (~5 mL).
Subsequently, hexane (30 mL) was added, and the particles were isolated by centrifugation (12000
rpm, 20 min). This dissolution/precipitation/centrifugation procedure was repeated twice. After
the final cycle, the resulting yellow precipitate was dispersed in methanol (10 mL) to yield a turbid
yellow suspension. The turbid suspension was filtered through a 0.45-um PTFE syringe filter to
yield a suspension that was transparent under ambient light. A 1 mL solution of SiNC-ester
methanol was used for characterization, and the rest of the SiNC-ester methanol solution was

stored under ambient conditions until further use. The 1 mL solution of SiNC-ester methanol was

37



dried in vacuo. Part of the resulting solid was sent for FTIR (~1 mg), TGA (~3 mg), and XPS
measurements, and the rest of the solid (~3 mg) was dissolved in 600 pL toluene-Dg and

characterized by NMR.

2.2.2.3 Synthesis of PAMAM GO0 Terminated SiNCs (SiNC-ester-G0)

The preparation of SiNC-ester-GO followed the reported method of synthesizing the PAMAM
dendrimer with some adaptation.!®!® Ethylenediamine (10 mL; 149 mmol) and anhydrous
methanol (10 mL) were transferred into a Schlenk flask equipped with a magnetic stir bar and
stirred for 30 min in an ice/water bath. An ice-cold methanol suspension of SiNC-ester (8 mL)
obtained from the procedure outlined in Section 2.2.2.2 was transferred into an addition funnel
that sat on top of the Schlenk flask. Ar was purged into the apparatus for 5 min with the addition
funnel uncapped as the gas outlet. After the purging process, the addition funnel was capped, and
the system was kept under static Ar. The entire reaction system was wrapped in aluminum foil to
minimize exposure to light, and the SINC-ester methanol suspension was added dropwise to the
ethylenediamine solution. After the addition, the ice bath was removed, the mixture was warmed
to room temperature with stirring, and the reaction was left to settle for 48 h. The residual
ethylenediamine and solvent were evaporated under reduced pressure until the volume of liquid
was approximately 2 mL. This residue was transferred into a 50-mL PTFE centrifuge tube,
followed by addition of toluene (10 mL) and hexane (30 mL). Subsequently, the mixture was

centrifuged at 12000 rpm for 20 min to yield a yellow precipitate. The precipitate was purified
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further via three dispersion/precipitation/centrifugation cycles using a toluene (10 mL)/hexane (30
mL) solvent/antisolvent mixture and centrifugation at 12000 rpm for 20 min. The resulting
precipitate was air dried for 2 min and dispersed in methanol (10 mL) to yield a turbid yellow
suspension. The suspension was clarified by passing it through a 0.45-um PTFE syringe filter. A
2-mL portion of the resulting solution (SiNC-ester-GO methanol solution) was used for
characterization, and the rest was stored under ambient conditions until further use. The 2 mL of
SiNC-ester-G0O methanol solution were dried in vacuo. The resulting solid was characterized by

FTIR, TGA, and XPS.

2.2.2.4 Synthesis of PAMAM GO0.5 Terminated SiNCs (SiNC-ester-G0.5)

PAMAM GO.5 terminated SiNCs were prepared by reacting SiNC-ester-G0 with methyl acrylate
through a Michael addition. An 8-mL solution of SiNC-ester-G0 methanol obtained from the
previous step was transferred into a Schlenk flask and stirred with a magnetic stir bar for 30 min
in an ice bath. Then, a mixture of anhydrous methanol (10 mL) and methyl acrylate (10 mL, 113
mmol) was cooled in an ice bath and transferred into an additional funnel that sat on top of the
Schlenk flask. Ar was purged into the apparatus for 5 min with the addition funnel uncapped as
the gas outlet. After the purging process, the addition funnel was capped, and the system was kept
under static Ar. The entire reaction system was wrapped in aluminum foil to minimize exposure
to light, and the methanol/methyl acrylate mixture was added dropwise to the SiNC-ester-G0

methanol solution. After the addition, the ice bath was removed, and the mixture was kept stirring
39



for 48 h at room temperature. The residual methyl acrylate and solvent were evaporated under
reduced pressure until the volume of liquid was around 2 mL. The residue was transferred into a
50-mL PTFE centrifuge tube, followed by addition of toluene (10 mL) and hexane (30 mL). The
mixture was centrifuged at 12000 rpm for 20 min to get the precipitate. The precipitate was purified
further via three dispersion/precipitation/centrifugation cycles using a toluene (10 mL)/hexane (30
mL) solvent/antisolvent mixture and centrifugation at 12000 rpm for 20 min. The resulting
precipitate was air dried for 2 min and dispersed in methanol (10 mL) to yield a turbid yellow
suspension. The suspension was clarified by passing it through a 0.45-pm PTFE syringe filter. A
2-mL portion of the resulting solution (SiNC-ester-G0.5 methanol solution) was used for
characterization, and the rest was stored under ambient conditions until further use. The 2 mL of
SiNC-ester-G0.5 methanol solution were dried in vacuo, and the resulting solid was characterized

by FTIR, TGA and XPS.

2.2.2.5 Synthesis of PAMAM G1 Terminated SiNCs (SiNC-ester-G1) and PAMAM G1.5

Terminated SiNCs (SiNC-ester-G1.5)

The synthesis of SINC-ester-G1was similar to that of SINC-ester-GO (procedure in Section 2.2.2.3),
and the synthesis of SiINC-ester-G1.5 was similar to that of SINC-ester-G0.5 (procedure in Section

2.22.4).
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2.2.3 Divergent Synthesis of SINC@PAMAM Using Organic Ammonium lon

Terminated SiNCs (SiNC-ammonium) as the Core Material.

Another strategy for building the PAMAM dendrimer on the surface of SINCs is shown in Scheme
2.2. Organic ammonium ion terminated SiNCs (SiNC-ammonium) were synthesized first. Then,
they were reacted with methyl acrylate, followed by ethylenediamine repetitively to get higher

generation of dendrimer structures.
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Scheme 2.2. A schematic representation of the synthesis of SINC@PAMAM using organic
ammonium ion terminated SiNCs (SiNC-ammonium) as the core material.
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2.2.3.1 Synthesis of N, N-Bis(trimethylsilyl)-10-Undecen-1-Amine

N,N-bis(trimethylsilyl)-10-undecen-1-amine was synthesized by reacting 11-bromo-1-undecene
with potassium bis(trimethylsilyl)amide.!*° (Note: potassium bis(trimethylsilyl)amide and N,N-
bis(trimethylsilyl)-10-undecen-1-amine are moisture sensitive. Care must be exercised to
minimize exposure to water. All the glassware used in this Section is oven dried at 125 °C.) In a
nitrogen filled glove box, a minimum amount of dry toluene (~40 mL) was used to dissolve
potassium bis(trimethylsilyl)amide (10.5 g; 50 mmol). The resulting solution was transferred into
a Schlenk bomb (a round bottom and heavy walled tube, with only one opening accessed by a
Teflon plug valve, used as a closed system for conducting reactions at elevated pressures and
temperatures), followed by adding 11-bromo-1-undecene (12 g; 49 mmol) into the flask. The flask
was sealed, removed from the glovebox, and heated at 102 °C with stirring. Throughout the heating
process, the initial dark red solution became cloudy and brown. After 36 h the brown suspension
was transferred via cannula to a zeolite (activated in the oven for 48 h) loaded Schlenk frit and
filtered into an oven dried Schlenk flask. The redundant solvent was removed under reduced
pressure until the volume of liquid was approximately 20 mL. Then, the residue was transferred
via cannula to a 50-mL oven dried Schlenk flask (round bottom, short neck), and the Schlenk flask
was connected to a vacuum distillation set up under Ar purge. The crude product mixture was
purified via vacuum (~4 mTorr) distillation, and pure N,N-bis(trimethylsilyl)-10-undecen-1-amine

was collected at 100 °C with a Schlenk tube as a clear colourless liquid. After the collection, the
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Schlenk tube was kept in a nitrogen filled glovebox until further use. The resulting N,N-
bis(trimethylsilyl)-10-undecen-1-amine (yield: 11 g, 72%) was characterized by NMR in toluene-

Ds.

2.2.3.2 Synthesis of Organic Ammonium Ion-Terminated SiNCs (SiNC-ammonium)

H-SiNCs obtained using the procedure described in Section 2.2.2.1 were dispersed in N,N-
bis(trimethylsilyl)-10-undecen-1-amine (10 g; 32 mmol), and the cloudy mixture was transferred
to an oven dried Schlenk flask equipped with a magnetic stir bar. The mixture was exposed to three
freeze/pump/thaw cycles, after which the mixture was placed under an Ar atmosphere, and the
Schlenk flask was heated to 160 °C under static Ar. After 24 h, a dark red solution containing the
crude product was obtained. An orange-red solid was obtained upon addition of toluene (15 mL)
and acetonitrile (15 mL), followed by centrifugation at 12000 rpm for 20 min. After discarding the
colourless supernatant, the orange precipitate was dissolved in toluene (20 mL), and the mixture
was transferred into an Erlenmeyer flask equipped with a magnetic stir bar. A hydrochloric acid
ethanoic solution (1 mL, 1 mol/mL) was added dropwise with stirring to yield an orange precipitate.
The mixture was transferred to two test tubes, and the precipitate was collected by centrifugation
(3000 rpm, 10 min). Three cycles of dissolution/precipitation/centrifugation (10 mL of
methanol/30 mL of toluene/3000 rpm, 10 min) were performed to purify the product. The resulting
precipitate was dissolved in methanol (10 mL), yielding an orange solution. A 2-ml portion of the

orange solution was dried in vacuo, and the resulting solid was characterized by FTIR, NMR (in
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DMSO0-Dg), and XPS; the rest of the solution was stored under ambient conditions until further

use.

2.2.3.3 Synthesis of PAMAM G0.5 Terminated SiNCs (SiNC-ammonium-G0.5)

The synthesis of SINC-ammonium-G0.5 was similar to that of SINC-ester-G0.5 (procedure in
Section 2.2.2.4). Specifically, the starting material, SINC-ester-GO in methanol, was changed to
SiNC-ammonium in methanol obtained from the previous step. All other conditions (material
usage amount, reactions conditions, and purification steps) were kept the same. The resulting
product was dissolved in methanol (10 mL), then the solution was filtered through a 0.45-um PTFE
syringe filter. The product was characterized by FTIR and XPS; the rest of the solution was stored

under ambient conditions until further use.

2.2.3.4 Synthesis of PAMAM G1 Terminated SiINCs (SINC-ammonium-G1)

The synthesis of SINC-ammonium-G1 was similar to that of SINC-ester-GO (procedure in Section
2.2.2.3). Specifically, the reagent, SiNC-ester methanol solution, was changed to SiNC-
ammonium-GO0.5 methanol solution obtained from the previous step. All other conditions (material
usage amount, reactions conditions, and purification steps) were kept the same. The resulting
product was dispersed in methanol (10 mL), then the solution was filtered through a 0.45-um PTFE
syringe filter. The product was characterized by FTIR and XPS; the rest of the solution was stored

under ambient conditions until further use.
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2.24 The Attempt of Using a Convergent Method to Prepare a

SiNC@dendrimer Structure

2.2.4.1 H-SiNCs Coupled with Polyester-32-Hydroxyl-1-Acetylene Bis-MPA Dendron,

Generation 5 (dendron-G5-acetylene-OH)

The coupled product was prepared using thermal hydrosilylation between H-SiNCs and dendron-
G5-acetylene-OH (Scheme 2.3).2! A 5-mL sample of dry DMSO (dried by 4 A molecular sieves)
was used to disperse H-SiNCs (by etching 50 mg Si/Si0O»; procedure in Section 2.2.2.1), and the
mixture was transferred into a Schlenk flask equipped with a magnetic stir bar. Another 5 mL of
dry DMSO was used to dissolve 25 mg of dendron-G5-acetylene-OH (7 pmol), and this solution
was added into the Schlenk flask. Three freeze/pump/thaw cycles were applied to the mixture with
an Ar charged Schlenk line. After the last thaw, the Schlenk flask was heated to 170 °C for 24 h
under static Ar. The brown slurry did not show any notable change during the heating. The reaction
mixture was transferred into a 50-mL PTFE centrifuge tube, followed by adding 30 mL of toluene
to precipitate the potential product and the unreacted reagent, dendron-G5-acetylene-OH. The
precipitate was obtained by centrifuging at 12000 rpm for 20 min. After decanting the supernatant,
the precipitate was dispersed with 40 mL of toluene and centrifuged at 12000 rpm for 20 min two
more times. The resulting precipitate was air dried for 5 min, then dispersed in ethanol by
sonicating for 20 min. The mixture was transferred into Fisherbrand™ dialysis tubing (12000 to

14000 d) and dialyzed with DI-water, changing the water every 2 h five times. After dialysis, the
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resulting mixture was separated by centrifugation at 3000 rpm for 20 min. The supernatant was
clear and did not show notable PL under UV light; the precipitate showed faint pink PL under UV

light. The precipitate was characterized by FTIR.
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Scheme 2.3. A schematic representation of the structure of dendron-G5-acetylene-OH.

2.2.4.2 SiNC-ammonium Coupled with Polyester-32-Hydroxyl-1-Carboxyl Bis-MPA

Dendron, Generation 5 (dendron-G5-carboxyl-OH)

The coupled product was prepared using an EDC/NHS coupling reaction between SiNC-
ammonium and dendron-G5-carboxyl-OH (Scheme 2.4).2! A 13-mg sample of dendron-G5-
carboxyl-OH (3.5 pmol) was dissolved with 1.5 mL of DMSO in a standard vial equipped with a
magnetic stir bar. Sulfo-NHS (5 mg; 23 umol) and EDC (30 mg; 193 pmol) were added into the

vial, and the mixture was stirred for 30 min to active the carboxylic group in the dendron. A 0.5-
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mL solution of 5 mg SiNC-ammonium in DMSO was added into the vial, and the mixture was left
stirring at room temperature for 10 h. On completion of the reaction, the solution remained clear
and yellow in colour. The solution was transferred into a 5S0-mL PTFE centrifuge tube, followed
by addition of toluene (30 mL). A precipitate was formed and collected by centrifugation at 12000
rpm for 20 min. After decanting the colorless supernatant, the precipitate was dissolved in
methanol (5 mL), followed by addition of 30 mL of toluene as an antisolvent. The precipitate was
collected and purified further via another two cycles of dispersion/precipitation/centrifugation
using a toluene (10 mL)/hexane (30 mL) solvent/antisolvent mixture and 12000 rpm for 20 min
centrifugation. The resulting product was air dried for 5 min, and a small amount of product (~4
mg) was characterized by FTIR. The rest of the product was dissolved in 5 mL of methanol and

stored in a standard vial under ambient conditions.
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VAL
Jm% i“

Ei
o gzk“vg

\Mﬂ %

Aﬁe

Scheme 2.4. A schematic representation of the structure of dendron-G5-carboxyl-OH.
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2.2.5 Material Characterization and Instrumentation

Fourier-transform infrared (FTIR) spectra were acquired using a Nicolet Magna 750 IR
spectrophotometer. '"H Nuclear Magnetic Resonance Spectroscopy (NMR) was performed using
an Agilent VNMRS four-channel, dual receiver 700 MHz spectrometer. Thermal gravimetric
analysis (TGA) data were obtained with a Mettler Toledo TGA/DSC 1 Star System under an Ar

atmosphere (25-800 °C, 10 °C/min).

X-ray Photoelectron Spectroscopy (XPS) was performed on a Kratos Axis Ultra instrument
operating in energy spectrum mode at 140 W. Samples were prepared by depositing SiNC
solutions onto a copper foil substrate and drying at room temperature to obtain a thin film coating.
The base and operating chamber pressure were maintained at 10”7 Pa. A monochromatic Al Ko,
source (A = 8.34 A) was used to irradiate the samples, and the spectra were obtained with an
electron take-off angle of 90°. CasaXPS software (VAMAS) was used to interpret high-resolution
spectra. All spectra were internally calibrated to the C 1s emission (284.8 eV). The following is an
example that uses a high-resolution Si 2p region to show the fitting process: first, a background-
subtracted spectrum was obtained by subtracting the background from the original spectrum; then,
the background-subtracted spectrum was processed to deconvolute the Si 2p1,2 peak from the spin-
orbit doublet. To perform the spin-orbit stripping procedure, the energy difference between the Si

2p32 and Si 2p12 peaks was fixed at 0.6 eV, and the Si 2p1.2 to Si 2ps/» peak area ratio was fixed at
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0.5. The full widths at half-maximum (FWHM) of all peaks were fixed to be the same, except for

the Si (0) 2p3.2 and Si (0) 2p1/2 components.??

2.3 Results and Discussion

In the present study, a convergent method and a divergent method were explored to build
dendrimer structures on SiNCs. In divergent methods, ester terminated SiNCs (SiNC-ester) or
ammonium terminated SiNCs (SiNC-ammonium) were prepared first as the core material, then
repetitively reacted with ethylenediamine/methyl acrylate or methyl acrylate/ethylenediamine,
respectively, to get a higher generation of dendrimers. In convergent methods, H-SiNCs or
ammonium terminated SiNCs were coupled with commercialized dendrons to obtain the desired

products.

2.3.1 Characterizations of H-SiNCs, SINC-ammonium, and SiNC-ester

H-SiNCs: Hydride-terminated SiNCs (H-SiNCs) were prepared following procedures developed
in the Veinot laboratory. First, hydrogen silsesquioxane (HSQ) was synthesized and characterized
by FTIR. In the FTIR spectrum (Figure 2.2), a characteristic absorption peak at 2251 cm™ was

! was assigned to internal

assigned to Si-H stretching. The peak between 1300 and 800 cm’
vibrations of the Si-O-Si cage framework. These peaks indicated the successful preparation of

HSQ.'
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Figure 2.2. FTIR spectrum of synthesized HSQ.

The successful preparation of HSQ also was confirmed by NMR in toluene-Ds (Figure 2.3).
In the NMR spectrum, a characteristic broad peak at 4—5 ppm could be found and assigned to Si-
H hanging around the Si-O-Si cage framework, which indicates the successful preparation of HSQ
(despite several sharp peaks at ~4.3 ppm, which are assigned to Si-H from low polymerized HSQ;

this will be discussed more in Chapter 4).

,‘F‘j-

L
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Figure 2.3. "H NMR spectrum of HSQ in toluene-Ds.
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By annealing hydrogen silsequioxane (HSQ) at 1100 °C under a slightly reducing
atmosphere, SiNCs/Si02 composite was formed. The SiNCs were liberated from the composite by
etching in alcoholic hydrofluoric acid and became H-SiNCs. In the FTIR spectrum (Figure 2.4),
the peaks at 2100-2000 cm™ and 1100-1000 cm™ correspond to residual Si-H and Si-O-Si,
respectively, indicating the successful preparation of H-SiNCs. However, the H-SiNCs tended to
be oxidized by O and had limited solubility in solvents. Their surfaces needed to be passivated

with ligands to get higher stability and solubility.

% Transmittance

T T T T T T T T . 1 ' T "
4000 3500 3000 2500 2000 1500 1000

Wavenumbers, cm™

Figure 2.4. FTIR spectrum of H-SiNCs.

In the present work, SiNCs that are soluble in polar solvents (methanol) were needed to

adapt the reaction conditions of a Michael addition and amination reaction, therefore, methyl 10-
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undecenoate or N,N-bis(trimethylsilyl)-10-undecen-1-amine was used to prepare ester or

ammonium terminated SiNCs, respectively.

SiNC-ammonium: First, the capping agent, N,N-bis(trimethylsilyl)-10-undecen-1-amine, was
synthesized. The successful preparation of N,N-bis(trimethylsilyl)-10-undecen-1-amine was
confirmed by NMR (Figure 2.5). 'H NMR (500 MHz, Toluene-Ds) & (ppm) = 5.80 (m, 1 H,
H>C=CHCH>), 4.99 (m, 2 H, HC=CHCH>), 2.65 (m, 2 H, -H>C-N), 2.05 (m, 2 H, =CH-CH>-),

1.35 (m, 14 H, -(CHa)7-), 0.05 (s, 18 H, -[Si(CH3)3].).

P .
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Figure 2.5. "H NMR spectrum of N,N-bis(trimethylsilyl)-10-undecen-1-amine in toluene-Ds.
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After the thermal hydrosilylation reaction of H-SiNCs and N,N-bis(trimethylsilyl)-10-
undecen-1-amine, followed by a hydrolysis reaction to remove trimethylsilyl groups, the resulting
product, SINC-ammonium, exhibited good solubility in methanol; this methanol solution showed
red photoluminescence under UV light (~350 nm). The successful functionalization and
deprotection were confirmed by NMR and FTIR. The '"H NMR spectrum of SiNC-ammonium in
DMSO-Ds (Figure 2.6) indicated the presence of undecylammonium groups on the surface of
SiNCs. In addition to the solvent peaks (DMSO-Ds, 6 (ppm)= 2.5 and HDO, 6 (ppm)= 3.3), there
were three other broad peaks that agreed with the signals from ligands attached to SiNCs.?* The
broadened peaks were possibly due to the extended relaxation time because of the slow tumbling
of particles in solution.?® The peak at 2.9-2.7 ppm was attributed to the -CH>- that was connected
directly to the amine group, the peaks at 1.8—1.1 ppm were attributed to other -CH»- groups in the

alkyl chain, and the peak at 8.5-8.0 ppm was attributed to the organic ammonium ion.
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Figure 2.6. "H NMR spectrum of SiNC-ammonium in DMSO-De.

The successful preparation of SiNCs with the desired surface groups was confirmed by
FTIR spectroscopy (Figure 2.7). The peaks between 2200 and 2000 cm™ and between 1200 and
950 cm™! corresponded to residual Si-H and Si-O-Si, respectively.'? The presence of alkyl chain
groups was indicated by the two sharp peaks at 3000—2800 cm™ (C-H; stretching) and the low
intensity peak at 1380-1470 cm™ (C-H, bending). The stretching frequencies of N-H stretching
from organic ammonium ion (-NH3") overlapped with signals from alkyl chain stretching,
therefore, the whole peak was broadened. The presence of the N-H stretching (3450-3250 cm™)
and bending (1650—1500 cm™") was another proof of the existence of an ammonium group (amine

group) in the product.?®
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Figure 2.7. FTIR spectrum of SINC-ammonium.

Survey X-ray photoelectron spectroscopy (XPS) confirms that the resulting SiINCs contain
Si, C, N, and CI (Figure 2.8a). This indicates that the terminal groups of SiNCs are alkylammonium
chloride groups. High-resolution XP (HRXP) spectra of the Si 2p region, the C 1s region, and the
N 1s region reveal more information on the surfaces of SiNC-ammonium. In the Si 2p region
(Figure 2.8b), a characteristic peak at 99.3 eV indicates that the sample contains a Si (0) core.
Additional peaks, Si (I) at 100.3 eV, Si (IIT) at 102.3 eV, and Si (IV) at 103.5 eV, result from
surface ligands and suboxides, which agrees with the FTIR data. In the N s region (Figure 2.8d),
two peaks at 399.8 eV and 401.6 eV assigned to the alkylamine group (-CH>-NH:) and
alkylammonium group (-CH2-NH3"),?” respectively, confirm the successful preparation of

alkylammonium terminated SiNCs and also explain the source of the ClI component in the XPS
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survey data, the alkylammonium chloride groups. In the C 1s region (Figure 2.8c), the strong peak

at 284.8 eV corresponds to C-C in alkyl chains. A peak with higher binding energy at 286.0 eV

corresponding to C-N provides another proof of the formation of SINC-ammonium.

a. b.
Cls "
Si 2p SLO)
/]
; |
3 3 {
2 £ f
Z £ i
2 c |
[ @
£ M 1s - € /
5 > f
| Si 8 \
L] e Y
600  s00 400 300 200 100 0 106 104 102 100 5
Binding Energy (eV) Binding Energy (eV)
C. d.
C-CIC-H
C1s A N 1s il
[\ \
| |
[ | \
|I \ = / |
3 [ | 3 “CHNHy'
= | = i
z I -y %
g | 2 0 o
2 i | 8 by
E [ E /
rll \ Fy A '!"
C-N/ \L - B
// . i, 1 L]
— — = s
284 292 290 288 286 284 282 280 406 404 402 400 398 396
Binding Energy (eV)

Binding Energy (eV)

Figure 2.8. (a) Survey scan of SINC-ammonium. (b) HRXP spectra of the Si 2p region of SiNC-
ammonium. Please note, only 2p3» components are shown; 2pi» components are omitted for
clarity. (¢) HRXP spectra of the C s region of SINC-ammonium. (d) HRXP spectra of the N 1s

region of SiNC-ammonium. In (b), (c), and (d), the dashed black lines are the experimental data
and the blue lines are the fitting data.
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SiNC-ester: the ester terminated SiNCs (SiNC-ester) were obtained through the thermal
hydrosilylation reaction of H-SiNCs and methyl 10-undecenoate. After the functionalization, the
resulting product was partially soluble in methanol. The filtrate of the methanol solution showed
a dark orange colour and red photoluminescence under UV light (~350 nm). The successful
functionalization was confirmed by NMR and FTIR. In the NMR spectrum of SiNC-ester (Figure
2.9), the broad peaks at 3.70-3.40 ppm, 2.60-2.15 ppm, and 2.05-0.8 ppm were attributed to —O—

CHj3, -CH,—COO-, and other —CH»>— groups on the alkyl chain, respectively.

toluene-Dg toluene-Dg
a
[ o
| f b .'I-I: lll-
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75 7.0 65 60 55 50 30 25 20 415 10 05

45 40 35
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Figure 2.9. "H NMR spectrum of SiNC-ester in toluene-Ds.

In the FTIR spectrum of SiNC-ester (Figure 2.10), the peak between 2100 and 2000 cm!
and the peak between 1100 and 1000 cm™ corresponded to Si-H and Si-O-Si, respectively. The

presence of alkyl chain groups was indicated by the two sharp peaks at 3000—2800 cm™' (C-Hx
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stretching) and the low intensity peak at 1380-1470 cm™' (C-Hx bending). The peak at 1850—1650
cm’! corresponding to the C=0 stretching and the peak around 1200 cm™! corresponding to the C—

O stretching indicated the existence of an ester group in the product.
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Figure 2.10. FTIR spectrum of SiNC-ester.

Further exploration of the ester terminated SiNCs was performed using XPS. Survey X-
ray photoelectron spectroscopy (XPS) confirms that the resulting SiNCs contain Si, C, and O. In
HRXP spectra of the Si 2p region (Figure 2.11a), a characteristic peak at 99.3 eV indicates that the
sample contains a Si (0) core. Additional peaks, Si (I) at 100.3 eV, Si (II) at 102.3 eV, and Si (IV)
at 103.5 eV, result from surface ligands and suboxides, which agrees with the FTIR data. In the C
Is region (Figure 2.11b), the strong peak at 284.8 eV corresponds to C-C in alkyl chains. The other
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two peaks, at 286.5 eV and 289.0 eV, correspond to -(C=0)-O-CHj3 and -(C=0)-0O, respectively,

(and no C=C could be found), which indicate the successful preparation of SiNC-ester.
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Figure 2.11. (a) HRXP spectra of the Si 2p region of SiNC-ester. Please note, only 2ps.
components are shown; 2pi» components are omitted for clarity. (b) HRXP spectra of the C 1Is
region of SiNC-ester. In (a) and (b), the dashed black lines are the experimental data and the blue
lines are the fitting data.

2.3.2 Divergent Method to Synthesize SINC@WPAMAM

After getting the two core materials, SINC-ester and SiNC-ammonium, a Michael addition and
amination reaction were applied repetitively to get a higher generation of dendrimers. The progress
of the reactions was confirmed by FTIR (Figure 2.12). Taking SiNC-ester-PAMAM as an example,
in Figure 2.12a, peaks, such as C-H (sp?) stretching (3000-2840 cm™'), -CHz- bending (1500—1300
cm™), and Si-O-Si stretching (1200-950 cm™), indicated the presence of an alkyl chain structure
and SiNCs in the conjugates. As the reactions progressed, signals from N-H stretching around

3500-3200 cm™ and N-H bending (from -CONH- group) around 1600—1500 cm! started showing
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up after SiNC-ester-G0O, which indicated the existence of NH or NH» groups in the conjugates.
From SiNC-ester to SINC-ester-GO, the signal of C=0 stretching from the -COOCH3 group (1800—
1700 cm™) disappeared, while the signal of C=0 stretching from the -CONH- group (1700—1600
cm’™) showed up, which indicated the occurrence of the amination reaction. From SiNC-ester-G0
to SiNC-ester-G0.5, the signal of C=0 stretching from the -COOCHj3 group (18001700 cm™) and
the signal of C=0 stretching from the -CONH- group (1700-1600 cm™') appeared, indicating the
occurrence of the Michael addition. The conclusion is that the repetitive reactions of the amination
reaction and the Michael addition worked well on the surface of SiNCs and could be confirmed by
comparing the signal of C=0O from different groups through SiNC-ester to SiNC-ester-G1.5. A
similar trend could be found in the FTIR data (Figure 2.12b) of SiNC-ammonium to SiNC-
ammonium-G1, which indicated that the Michael addition worked well in the case of using SiNC-

ammonium as the core material.
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Figure 2.12. (a) FTIR of different generations of SiNC-ester-PAMAM. (b) FTIR of different
generations of SINC-ammonium-PAMAM.

Thermal gravimetric analysis (TGA) of SiNC-ester-PAMAM was performed to test
whether the ligands are stepwise functionalized on SiNCs after each reaction or not, and the data
is shown in Figure 2.13. The weight loss released the amount of ligands being functionalized on
SiNCs. As the reaction progressed, the total weight loss increased from SiNC-ester-GO (43.9%),

SiNC-ester-G0.5 (50.56%), to SiNC-ester-G1.5 (61.81%), which indicated that ligands are
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“growing” on SiNCs with the reaction. There were two steps in each graph, Step 1 from 25 °C to
300 °C and Step 2 from 300 °C to 800 °C. By analyzing the structure of SINC@PAMAM, there
were mainly two kinds of bonds in the structure, C—C and C—N. The bond energy of C—C (346
kJ/mol) was higher than that of C—N (305 kJ/mol).?® A reasonable hypothesis could be made that
Step 1 is attributed to the terminal functional group at the end of the long alkyl chain and Step 2 is
attributed to the long alkyl chain. This hypothesis was confirmed by analyzing the ratio of weight
loss in Step 2 to the weight remaining after Step 1, which is 0.37:1 in SiNC-ester-GO0, 0.38:1 in
SiNC-ester-G0.5, and 0.40:1 in SiNC-ester-G1.5. These ratios are quite close, which indicates that
the new ligands reacted on the terminal groups on the SiNCs instead of the surfaces of SiINCs. This
result reveals that the stepwise reactions based on the Michael addition and amination reaction

worked well.
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Figure 2.13. TGA data of SiNC-ester-G0, SiNC-ester-G0.5, and SiNC-ester-G1.5.

Further exploration of the progress of the Michael addition and the amination reaction on
SiNCs was performed using XPS. A comparison of the HRXP spectra of the Si 2p region (Figure
2.14b) with the progress of the reactions shows that the intensity of the Si (0) component at 99.4
eV (and Si (I) at 100.4 eV) was decreasing while that of Si (III/TV) component (oxidized Si) at
102~104 eV was increasing, which means that the oxidation of silicon or some side reaction (e.g.

ethylenediamine reacted with SiNCs) occurred during the reactions; this agrees with the PL blue
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shifting from SiNC-ester to SiNC-ester-G1.5. In the HRXP spectra of the C s region (Figure
2.14a), signals from C-C/C-H can be found in all the spectra at 284.8 eV. From SiNC-ester to
SiNC-ester-G0, the signals from -(C=0)-O-CH3 (at 289.0 e¢V) and -(C=0)-O-CHj3 (at 286.5 eV)
decreased/disappeared, while the peaks at 286.0 eV and 288.2 eV showed up, which correspond
to C-N and -(C=0)-NH-, respectively, indicating that the amination reaction between -(C=0)-O-
CH3 and ethylenediamine took place, and an amide group formed. From SiNC-ester-GO0 to SiNC-
ester-GO0.5, the signal from C-N (at 286.0 eV) decreased while signals from -(C=0)-O-CHj3 (at
289.0 eV) and -(C=0)-O-CH3 (at 286.5 eV) increased/appeared, indicating that the Michael
addition between the terminal group amine (from SiNC-ester-G0) and methyl acrylate took place,
and an amide group formed. Similar analysis can be applied to the other three graphs, with more

amine groups formed after each reaction, which indicates that the stepwise reactions are successful.
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are shown; 2p12 components are omitted for clarity. In (a) and (b), the dashed black lines are the

experimental data and the blue lines are the fitting data.
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By analyzing the HRXP spectra from SiNC-ammonium to SiNC-ammonium-G1, similar
trends could be found. In the Si 2p region (Figure 2.15¢), with the progressing of reactions, Si
cores tend to be oxidized (or react with ammine group). In the C 1s region (Figure 2.15a), signals
from C-C/C-H (at 284.8 ¢V) could be found in all the three spectra, while the signal from C-N (at
286 eV) decreases from SiNC-ammonium to SiNC-ammonium-GO0.5, then increases from SiNC-
ammonium-GO0.5 to SINC-ammonium-G1. Meanwhile, signals from -(C=0)-NH- (at 288.2 e¢V)
and -(C=0)-O-CH3 (at 289.0 eV) increase during the process. These facts indicate that the stepwise
reactions are successful. It is worth noting that the intensity of the C-N peak (at 286.0 eV) shows
a large increase from SiNC-ammonium-G0.5 to SiINC-ammonium-G1, which may be caused by
the reaction between ethylenediamine and SiNCs (a side reaction we would not expect; a reason
for the blue shifting of the photoluminescence of resulting SiNCs). This result agrees with the N-
Si peak at 398.2 eV in the HRXP spectra of the N 1s region (Figure 2.15 b) of SiINC-ammonium-
G1 and the Si-N peak at around 103 eV in the HRXP spectra of the Si 2p region of SiNC-
ammonium-G1.%° Although the Michael addition and the amination reaction on SiNCs can be
performed, the reagent, ethylenediamine, causes serious crosslinking between SiNCs, and there is
a severe side reaction of ethylenediamine and SiNCs (which caused the PL blue-shifting of SiNCs,

and potentially quenched the PL).
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Figure 2.15. HRXP spectra of (a) the C 1s region, (b) the N s region, and (c) the Si 2p region of
SiNC-ammonium to SiNC-ammonium-G1. Please note, in (c), only 2p3,» components are shown;
2p12 components are omitted for clarity. In (a), (b), and (c), the dashed black lines are the
experimental data and the blue lines are the fitting data.

Despite all these promising results, there was one fatal problem in the whole processes.
The reagents, methyl 10-undecenoate and ethylenediamine, caused severe crosslinking of SiNCs
since both sides of each reagent could react with the terminal group of SiNCs obtained from the

last step. After each reaction, a large amount of SiNCs crosslinked and crashed out from the
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solution. As the yield became very low, the reactions were hard to keep going until the crosslinking

problem could be solved.

In order to overcome the crosslinking problem, a synthesis process without the use of the

reagents that caused crosslinking will be discussed in Chapter 4.

2.3.3 Convergent Method to Synthesis SINC@dendrimer
2.3.3.1 H-SiNCs Coupled with Dendron-G5-acetylene-OH

When the reaction of H-SiNCs and dendron-G5-acetylene-OH was stopped, the reaction mixture
was still cloudy and showed light pink PL under UV light. After the dialysis purification and

centrifugation, the precipitate was showing faint pink PL under UV light.

In the FTIR results of the supernatant and the precipitate (Figure 2.16), the expected peaks,
3600-3200 cm™! (-OH), 3000-2840 cm™ (C-H(sp3)), 2250-2125 ¢cm™ (Si-H), and 1690-1560
cm™! (-<COO-) can be found in the spectrum, which indicates the existence of dendron and SiNCs
in the product. A strong signal of Si-O-Si between 1150 and 1000 cm™! indicated the severe surface
oxidation, which could be the reason for the disappearance of PL after dialysis. A plausible
explanation for the unsuccessful reaction is that due to the bulky structure of dendrons, they could
not approach the surfaces of SiNCs to complete the thermal hydrosilylation, therefore, the ligands
failed to provide enough protection from oxidation. To overcome this problem, two strategies
could be applied; this will be discussed in Chapter 4.
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Figure 2.16. FTIR of the product of H-SiNCs and dendron-G5-acetylene-OH.

2.3.3.2 SiNC-Ammonium Coupled with Dendron-G5-Carboxyl-OH

In the case of the reaction between SiNC-ammonium and dendron-G5-carboxyl-OH, the product
is partially soluble in water, methanol, or ethanol, and the resulting solutions showed light pink PL

under UV light.

The product was characterized by FTIR (Figure 2.17). Peaks at 3600-3200 cm™ (-OH),
3000-2840 cm™ (C-H(sp3)), and 2250-2125 cm™ (Si-H), could be found in the spectrum, as
expected, indicating the existence of SiNCs and -OH groups in the product. The appearance of the

C=0 stretching signal from the -CONH- group (around 1700-1600 cm™') indicated the formation
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of an amide bond. This result indicated that a reaction took place between the two reagents, with

amide bonds forming during the reaction.
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Figure 2.17. FTIR data of SiNC-ammonium (top line) and the product after it reacted with

dendron-G5-carboxyl-OH (bottom line).

More work needs to be done to confirm the successful preparation of desire structure and

determine the ratio of each component. Moreover, the reaction conditions need to be optimized.
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2.4 Conclusions

In this chapter, two kinds of SiNCs, SiNC-ester and SiNC-ammonium, with good solubility in
methanol were prepared. Four strategies were used in trying to build dendrimer structures on
SiNCs. A series of stepwise reactions was performed on functionalized SiNCs. The possibility of
using a Michael addition and amination reaction to build dendrimer structures on SiNCs and the
limitations were discussed; they provide a promising path to build dendrimer structures on SiNCs.
In the convergent methods, directly functionalizing SiNCs with a bulky dendron was performed,
however, the poor coverage limited the solubility and PL property of the product. A more
promising way, coupling the dendron with SiNCs functionalized with a long ligand, was attempted.

However, the reaction conditions need to be optimized.
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Chapter 3

Preparation of Amphiphilic-SiNCs via Mixed-
Surface Ligands

3.1 Introduction

Inorganic nanocrystals (e.g., magnetic, semiconductor, and metallic materials) have become
cutting-edge tools in biomedicine, especially in the fields of diagnosis and therapy of diseases.!
One of the primary issues in exploiting their biomedical applications is to enable these
nanomaterials with water solubility or an amphiphilic property. After having grown rapidly in the
last few decades, CdSe/ZnS quantum dots (QD),?> iron oxide nanoparticles,’ and gold
nanoparticles* with amphiphilic property have been prepared successfully and used in cancer
imaging and gene delivery. Compared to these nanostructures, silicon nanocrystals (SiNCs) have
considerable merits; they are abundant, biocompatible, biodegradable, have a long
photoluminescence lifetime and bright red/near-infrared PL.>® However, SiNCs with amphiphilic
properties have not been studied well.

The commonly used methods to prepare amphiphilic nanoparticle is to coat particles with

137719 or to functionalize them with mixed ligands*!! (one is hydrophilic,

amphiphilic polymers
and the other one is hydrophobic). In the present work, we have prepared amphiphilic SINCs (AP-

SiNCs) successfully by thermal hydrosilylation of H-SiNCs with the mixed ligands (allyloxy
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(polyethylene oxide) and methyl 10-undecenoate), and the stabilities of SiNCs in buffer solutions

were studied to adapt the needs of various applications.

3.2 Experimental
3.2.1 Reagents and Materials

All reagents were used as received, unless otherwise indicated. Electronic grade hydrofluoric acid
(HF, 49% aqueous solution) was purchased from J. T. Baker. Toluene (reagent grade), ethanol
(reagent grade), hexane (reagent grade), chloroform (reagent grade), methyl 10-undecenoate
(96%), Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI, reagent grade), NaCl
(reagent grade), NaHCO; (reagent grade), KCl (reagent grade), K;HPO4 (reagent grade), MgClo
(reagent grade), CaCl, (reagent grade), Na;SOs4 (reagent grade), NaHPO4 (reagent grade),
KH,PO; (reagent grade), glass beads (diam. ~5 mm), Durapore® Membrane 0.1 pm VVPP filter
paper, 4 A molecular sieves (beads, 4-8 mesh), and Amicon Ultra-15 centrifugal filter units were
purchased from Millipore Sigma. Hydrochloric acid (HCI, 37%, ~12 mol/L) was obtained from
Caledon Laboratory Chemicals, and diluted solutions (1 mol/L and 3 mol/L) were prepared by
addition of Milli-Q water. PTFE (polytetrafluoroethylene) centrifuge tubes (50-mL) and 0.2-um
nylon syringe filters were purchased from Thermo Fisher Scientific. Dry toluene was obtained
from a Grubbs-type solvent purification system (Innovative Technologies, Inc.) prior to use.

Allyloxy (polyethylene oxide) (35-50 EO, 1500-2000 g/mol) was purchased from Gelest
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Incorporation and dried by heating at 50 °C via vacuum (~0.2 mTorr) for 48 h. Milli-Q water
obtained from a Milli-Q® Reference water purification system. Commercial hydrogen
silsesquioxane (HSQ) was obtained as a methyl isobutyl ketone solution from Dow Corning; the
solvent was removed under vacuum, and the resulting white solid was used without further

purification.

3.2.2 Synthesis of Hydride-Terminated SiNCs (H-SiNCs)

3.2.2.1 Preparation of SiNC/SiO2 Composite

SiNCs embedded in an SiO»-like matrix were prepared by thermal decomposition of HSQ
following procedures developed by the Veinot group.'? Thermal processing of HSQ (3.5 g,
obtained from Dow Corning) was performed in a Lindberg/Blue furnace at 1100 °C for 1 h and 10
min under a slightly reducing atmosphere (5% H2/95% Ar). (Heating profile: first, the temperature
was set to increase from 25 to 1100 °C with a ramp rate of 18 °C/min. Next, the temperature was
held at 1100 °C for 1 h and 10 min. Finally, the temperature was decreased from 1100 to 25 °C by
natural cooling.) The resulting amber/black solid was ground in an agate mortar with hexane added
to keep the solid wet. After the mixture was ground to a fine dark brown slurry, the grinding was
continued without adding more hexane until all the hexane evaporated and the slurry became a
fine powder. The brown powder was transferred into a thick-walled flask containing glass beads

and shaken for 8 h using a wrist action shaker. Next, ethanol was added into the flask to make a
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suspension of SiNC/SiO, composite. The suspension was filtered via vacuum filtration using
Durapore® Membrane 0.1 um VVPP filter paper. The SiNCs/SiO> composite (yield: 3.3 g, 94%)

was stored under ambient conditions until further use.
3.2.2.2 Preparation of Hydride-Terminated SiNCs (H-SiNCs)

H-SiNCs were liberated from the SiNC/SiO2 composite by alcoholic hydrofluoric acid etching.'?
A detailed procedure of H-SiNCs preparation is given in Section 2.2.2.1. Briefly, 300 mg of
SiNC/SiO2 composite were etched with 4.5 mL of a solution of ethanol:H>0:49% HF (volume
ratio 1:1:1). After 1-h etching, the H-SiNCs were extracted with toluene several times until the
aqueous layer became colourless. The H-SiNCs were isolated by centrifugation (3000 rpm, 5 min),
followed by washing with dry toluene (4 A molecular sieves were used to adsorb residual water)
two more times. The resulting H-SiNCs should be used for the next step as soon as possible to

minimize the surface oxidation.

3.2.3 Synthesis of Amphiphilic SiNCs (AP-SiNCs)
3.2.3.1 Thermal Hydrosilylation

AP-SiNCs were prepared by thermal hydrosilylation of H-SiNCs with the mixed ligands,'?
allyloxy (polyethylene oxide) and methyl 10-undecenoate (Scheme 3.1). In a nitrogen filled
glovebox, allyloxy (polyethylene oxide) (4 g, 2.3 mmol) was transferred into an oven dried
Schlenk flask equipped with a magnetic stir bar. The flask was sealed, transferred out of the
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glovebox, then connected to an Ar charged Schlenk line. Methyl 10-undecenoate (8 mL, 34 mmol)
was used to disperse H-SiNCs obtained from Section 3.2.2. The suspension was transferred into
the Schlenk flask under an Ar purge. Three freeze/pump/thaw cycles were applied to the mixture.
After the last thaw, the flask was refilled with Ar and placed in a pre-heated silicon oil bath (180 °C)
on a hot plate under static Ar. The reaction was kept stirring for 1 h, 12 h, or 24 h (at 180 °C) to
get AP-SiNCs with different reaction times. The brown slurry turned into a yellow transparent

solution in 1 h.

(CH2)gCO,CHy
H
H b /_(CHz)acozC Hj
H H -
H 0 HzCHzo CH2CH2°H H
H =/_ %: n «&cnzcrlzofcuzcnzon
180 °C n

Scheme 3.1. A schematic representation of the preparation of amphiphilic SiNCs via a one-step,
mixed ligand hydrosilylation.

3.2.3.2 Purification of the Reaction

After 24 h, the reaction mixture was cooled down naturally to about 50 °C, then transferred to a
50-mL Teflon centrifuge tube, followed by addition of hexane (~40 mL); a pale-yellow precipitate
formed. After sitting for 5 min, all the precipitate settled at the bottom of the centrifuge tube, and
the supernatant was removed with a Pasteur pipette. The precipitate was dispersed in 5 mL of
chloroform, followed by addition of 20 mL of hexane as an anti-solvent. After mixing, the mixture

was centrifuged at 5000 rpm for 10 min. The solution separated into 2 layers, an almost colourless
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top layer not showing PL under UV light (~350 nm) and a dark orange oily bottom layer showing
red PL under UV light (~350 nm). The top layer was removed, while the bottom layer was washed
with 5 mL of chloroform and 20 mL of hexane, followed by centrifugation at 5000 rpm for 10 min;
this procedure was repeated four more times. After each washing cycle, the volume of the bottom
layer decreased because the free allyloxy (polyethylene oxide) ligands were removed from the
mixture. After the fifth washing, the bottom layer was treated with 30 mL of hexane to precipitate
the resulting AP-SiNCs. After another centrifugation (5000 rpm, 10 min), the supernatant was
decanted, and the resulting brown precipitate was dissolved in 5 mL of ethanol (100%). Then, 10
mL of hexane were added to and mixed with the AP-SiNCs ethanol solution. Next, the mixture
was centrifuged at 5000 rpm for 10 min. The solution separated into two layers, an almost
colourless top layer not showing PL under UV light (~350 nm) and an orange oily bottom layer
showing red PL under UV light (~350 nm). After the top layer was removed with a Pasteur pipette,
the bottom layer was washed with 5 mL of ethanol (100%) and 10 mL of hexane, followed by
centrifugation at 5000 rpm for 10 min; this procedure was repeated four more times. After the fifth
washing, 30 mL of hexane were added to precipitate the AP-SiNCs. The final precipitate was
isolated by centrifugation at 5000 rpm for 10 min. The resulting yellow solid can be dissolved in
toluene or ethanol and stored as a toluene or ethanol solution in a freezer at -20 °C until further

use.
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3.2.3.3 Solvent Exchange from Ethanol to Water

The AP-SiNCs precipitate prepared from Section 3.2.3.2 was dispersed in 10 mL ethanol, followed
by addition of 40 mL of Milli-Q water. The mixed solvent was evaporated under reduced pressure
until the volume of liquid was reduced to ~15 mL to minimize the ethanol component. The
resulting solution was filtered through a 0.2-pm nylon syringe filter. The filtrate was transferred
into an Amicon Ultra-15 centrifugal filter unit (30 kDa), followed by centrifugation at 5000 rpm
for 30 min, and the filtrate was discarded. Another 5 mL of Milli-Q water were added into the
remaining solution, the mixture was centrifuged at 5000 rpm for 30 min, and the filtrate was
discarded; this washing step was repeated four more times to get rid of residual ethanol. Then, the
resulting solution (~3 mL) was transferred to a glass vial. A 0.2-mL portion of the solution was
freeze dried, then sent for TGA measurement; the rest of the solution was kept in a freezer at -20 °C
until further use. From the TGA results, the SINC-core based concentration can be determined
(10.4 mg/mL in the 1-h reaction, 14.0 mg/mL in the 12-h reaction, and 12.2 mg/mL in the 24-h

reaction).

3.2.3 The Study of the Stabilities of AP-SiNCs in Buffer Solutions
3.2.3.1 Preparation of Phosphate-Buffered Saline (PBS)

The preparation of PBS followed the recipe from Cold Spring Harb. Protoc. 2006'* with minor

changes. The following chemicals, NaCl (4.0 g), KCI (0.1 g), NaHPO4 (0.72 g), and KH2PO4
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(0.12 g), were weighed in a 1000-mL beaker, followed by addition of 500 mL of Milli-Q water.
The pH of the solution was adjusted to 7.4 by addition of an aqueous HCI solution (3.0 mol/L).
The resulting solution was transferred into a glass bottle and stored in the fridge (4 °C) until further

use.

3.2.3.2 Preparation of Tris-Buffered Saline (TBS)

The preparation of TBS followed the recipe from Cold Spring Harb. Protoc. 2014 with minor
changes. NaCl (4.4 g) and Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI, 1.2 g)
were weighed in a 1000-mL beaker, followed by addition of 500 mL of Milli-Q water. The pH of
the solution was adjusted to 7.5 by addition of an aqueous HCl solution (3.0 mol/L). The resulting

solution was transferred into a glass bottle and stored in the fridge (4 °C) until further use.

3.2.3.3 Preparation of Simulated Body Fluid (SBF)

The preparation of SBF followed a reported method with minor changes.!'® 900 mL of Milli-Q
water were put in a 1000-mL plastic beaker equipped with a magnetic stir bar, and a label was
affixed at the 900-mL mark. The water was discarded, and 700 mL of Milli-Q water (preheated to
~37 °C) were added to the beaker. The beaker was put in a water bath on a hotplate, and the
temperature of the water was kept at 36.5 = 1.5 °C. The following chemicals were added in
sequence: NaCl (8.035 g), NaHCOs (0.355 g), KCI (0.225 g), KoHPO4(0.176 g), MgCl> (0.146 g),

aqueous HCI solution (1.0 mol/L, 39 mL), CaCl (0.292 g), and Na>SO4 (0.072 g). (Each chemical
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should be dissolved completely before adding the next one.) Next, Milli-Q water was added into
the beaker until the liquid level reached the 900-mL mark. Another two chemicals, Tris (6.118 g)
and an aqueous HCI solution (1.0 mol/L, 5 mL), were measured and kept in standard vials. The
temperature of the solution was maintained at 36.5 + 0.5 °C, and a pH meter was placed into the
solution to monitor the pH change. Tris was added into the solution slowly until the pH increased
from 2.15 to 7.45; at this point, the addition of Tris was stopped, and an aqueous HCI solution (1.0
mol/L) was added dropwise, lowering the pH to 7.41. Then, the addition of the aqueous HCI
solution was stopped, and the rest of the Tris was added slowly until the pH reached 7.45. The
above process was repeated until all the Tris (6.118 g) was added into the solution. After that, the
pH of the final solution was adjusted to 7.40 by addition of an aqueous HCI solution (1 mol/L) at
36.5 °C. The resulting solution was transferred into a 1000-mL volumetric flask and made up to
the mark with Milli-Q water. After mixing, the solution was transferred into a plastic bottle and

stored in the fridge (4 °C) until further use.

3.2.3.4 Stability Test of SiNCs in Different Buffers

The stability of AP-SiNCs was studied by monitoring the changes in the size (by dynamic light
scattering) and the photoluminescence (by photoluminescence spectrometer) of AP-SiNCs in the
presence of a buffer solution. There were three batches of AP-SiNCs with different reaction times
(a 1-h reaction, a 12-h reaction, and a 24-h reaction) and three commonly used buffer solutions

(PBS, TBS, and SBF) prepared. Nine combinations of AP-SiNCs in buffer solution were studied
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in this section. The process of monitoring the changes in the size and the photoluminescence of
AP-SiNCs from a 24-h reaction in a PBS solution is used as an example here (all the other eight
combinations follow the same process). The SINC-core based concentration of concentrated AP-
SiNCs aqueous solution (obtained from the 24-h reaction) was calculated from the TGA data (12.2
mg/mL). A 2-mL portion of the solution was transferred into a standard glass vial, followed by
addition of 0.44 mL of Milli-Q water to adjust the concentration of the resulting solution to 10.0
mg/mL. PBS (40 mL) was transferred into a 50-mL medical grade polypropylene centrifuge tube
and warmed up in an incubator (37 °C) for 2 h, followed by addition of 0.6 mL of AP-SiNCs
solution (10 mg/mL). After mixing, the mixture was filtered through a 0.2-um nylon syringe filter,
and the filtrate was collected with a new polypropylene centrifuge tube. A 0.7-mL portion of the
resulting solution was transferred into a standard vial, and PL and DLS measurements were
performed immediately; the rest of the solution in the polypropylene centrifuge tube was stored in
the incubator (37 °C). During the first three hours, a 0.7-mL portion of the solution was taken every
half hour, and the rest of the solution was returned to the incubator. Between 3 h and 12 h, a 0.7-
mL portion of the solution was taken every hour, and the rest of the solution was returned to the
incubator. After this point, the same amount of sample was taken at 24 h, 48 h, 72 h, 96 h, and 120

h. Then, samples were taken weekly.

&3



3.2.6 Material Characterization and Instrumentation

Fourier-transform infrared (FTIR) spectra were acquired using a Nicolet Magna 750 IR
spectrophotometer. '"H Nuclear Magnetic Resonance Spectroscopy (NMR) was performed using
an Agilent VNMRS four-channel, dual receiver 700 MHz spectrometer. Thermal gravimetric
analysis (TGA) data were obtained with a Mettler Toledo TGA/DSC 1 Star System under an Ar
atmosphere (25-800 °C, 10 °C/min). Dynamic light scattering (DLS) data was obtained using a
Malvern Zetasizer Nano S series dynamic light scattered with 633 nm laser. All the samples were
equilibrated to 25 °C prior to data acquisition. Photoluminescence spectra of the samples were

obtained using a Varian Cary Eclipse fluorescence spectrophotometer (dex = 400 nm).

X-ray Photoelectron Spectroscopy (XPS) was performed on a Kratos Axis Ultra instrument
operating in energy spectrum mode at 140 W. Samples were prepared by depositing SiNC
solutions onto a copper foil substrate and drying at room temperature to obtain a thin film coating.
The base and operating chamber pressure were maintained at 10”7 Pa. A monochromatic Al Ko
source (A = 8.34 A) was used to irradiate the samples, and the spectra were obtained with an
electron take-off angle of 90°. CasaXPS software (VAMAS) was used to interpret high-resolution
spectra. All spectra were calibrated internally to the C 1s emission (284.8 eV). The following is an
example that uses a high-resolution Si 2p region to show the fitting process: first, a background-
subtracted spectrum was obtained by subtracting the background from the original spectrum; then,

the background-subtracted spectrum was processed to deconvolute the Si 2p1» peak from the spin-
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orbit doublet. To perform the spin-orbit stripping procedure, the energy difference between the Si
2p3,2 and Si 2p12 peaks was fixed at 0.6 eV, and the Si 2pi.2 to Si 2p32 peak area ratio was fixed at
0.5. The full widths at half-maximum (FWHM) of all peaks were fixed to be the same, except for

the Si (0) 2ps2 and Si (0) 2p1/2 components.'”

3.3 Results and Discussion

In the present study, the thermal hydrosilylation of H-SiNCs with the mixed ligand, allyloxy
poly(ethylene oxide) and methyl 10-undecenoate, was performed. The resulting AP-SiNCs
showed amphiphilic property. In order to extend the possible applications in bio-systems, their

stabilities in different buffer solutions, PBS, TBS, and SBF, were tested.

3.3.1 Characterizations of AP-SiNCs

Modifying polyethylene glycol (PEG) was a commonly used method to increase the water
solubility and biocompatibility of materials. However, functionalizing H-SiNCs with PEG alone
has limitations, such as blue PL and a limited solubility in water, based on former reports.'® So,
another functional group, methyl 10-undecenoate, was introduced to the reaction to overcome
these drawbacks because methyl 10-undecenoate has been reported to work as both a functioning
group and a catalyst in hydrosilylation reactions.!® In the thermal hydrosilation, methyl 10-
undecenoate (34 mmol) and allyloxy (polyethylene glycol) (2.3 mmol) were added into the H-

SiNCs (obtained from etching 300 mg SiNC/SiO> composite), followed by heating at 180 °C.
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The successful functionalization of the SiNCs (from the 24-h reaction) was confirmed by

FTIR (Figure 3.1) and NMR (Figure 3.2). In the FTIR spectrum, the peaks, at 2950-2850 and

1500-1250 cm™', which were assigned to C-H (sp?) stretching and C-H (sp?) bending, respectively,

could be found in all three samples. A characteristic peak at 3480 cm™ found in allyloxy

(polyethylene glycol) and AP-SiNCs was assigned to O-H stretching. Likewise, another

characteristic peak at 1740 cm™! found in methyl 10-undecenoate and AP-SiNCs was assigned to

C=0 stretching. These features indicate that both ligands are present in the product.
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Figure 3.1. FTIR spectra of methyl 10-undecenoate, allyloxy (polyethylene oxide), and AP-SiNCs

(from top to bottom).
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From the NMR spectra of methyl 10-undecenoate, allyloxy (polyethylene glycol), and AP-

SiNCs, it is seen that the protons from CH,=CH- (6.0—4.75 ppm) (the terminal group of impurities,

allyloxy (polyethylene glycol) and methyl 10-undecenoate) became negligible after the reaction.

The peak (1.0-0.75 ppm) that showed up in the AP-SiNCs was attributed to Si-CH>- formed during

the reaction, indicating the successful functionalization of SiNCs. The sharp peaks in the reagents

became broad peaks in the product, which agrees with the signals from ligands that attached to

SiNCs. 20!
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Figure 3.2. NMR spectra of (a) methyl 10-undecenoate, (b) allyloxy (polyethylene glycol), and (c)

AP-SiNCs in chloroform-D.
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Further exploration of the composition of AP-SiNCs (from the 24-h reaction) was
performed using X-ray photoelectron spectroscopy (XPS). Survey XPS confirms that the resulting
SiNCs contained Si, C, and O. In high-resolution XP (HRXP) spectra of the Si 2p region (Figure
3.3a), a characteristic peak at 99.3 eV indicates that the sample contains a Si (0) core. Additional
peaks, Si (I) at 100.3 eV, Si (II) at 102.3 eV, and Si (IV) at 103.5 eV, result from surface ligands
and suboxides, which agrees with the FTIR data. Although surface oxidation is evidenced, Si (0)
is the dominant component in the resulting SiNCs; this indicated the AP-SiNCs were passivated
well by the mixed ligands and showed relatively good stability. In HRXP spectra of the C 1s region
(Figure 3.3b), the strong peak at 284.8 eV corresponds to C-C in alkyl chains. The other two peaks,
at 286.5 eV and 288.2 eV, correspond to C-O and -(C=0)-O-,?? respectively. The high intensity of

the C-O peak indicates that both ligands are present in AP-SiNCs.
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Figure 3.3. (a) HRXP spectra of the Si 2p region of AP-SiNCs. Please note, only 2p3/,2 components
are shown; 2pi» components are omitted for clarity. (b) HRXP spectra of the C 1s region of AP-
SiNCs. In (a) and (b), the dashed black lines are the experimental data and the blue lines are the
fitting data.
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After analyzing the composition of the AP-SiNCs, DLS was used to determine the
solvodynamic diameters of AP-SiNCs (from the 24-h reaction) in toluene and water (Figure 3.4).
As expected, the solvodynamic diameters of SiNCs are larger in water (21.03 £ 3.6 nm) than in
toluene (7.9 = 1.0 nm) because the bonded hydrophilic PEG ligands (allyloxy (polyethylene oxide))
are extended on the surfaces of SiNCs in water and contracted/wrapped on the surfaces of SiNCs

in toluene; this provides another proof that allyloxy (polyethylene oxide) was functionalized on

SiNCs.

" 50 S a0
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Figure 3.4. DLS analysis and solvodynamic diameters of the AP-SiNCs in (a) toluene and (b)
water.

Thermal gravimetric analysis (TGA) of AP-SiNCs was performed to compare the surface
conditions of the three batches of AP-SiNCs (from a 1-h reaction, a 12-h reaction, and a 24-h
reaction) and to determine the SINC-core based concentrations of these AP-SiNCs. By comparing

the TGA data of pure PEG ligands and AP-SiNCs (Figure 3.5), the graphs of AP-SiNCs show 2
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steps (first step: 25-450 °C; second step: 450—800 °C) instead of one step in the graph of PEG.
This indicates that there is another kind of ligand other than PEG ligands functionalized on the
surfaces of SiNCs and that there are SINC-cores left after heated up to 800 °C. This helps in
sketching an image of AP-SiNCs: ligands, PEG and methyl 10-undecenoate, functionalized on
SiNC-cores. In the TGA results of AP-SiNCs, the first step is assigned to the decomposition of
PEG ligands, and the second step is assigned to the cleavage between methyl 10-undecenoate and
SiNC-cores, which agrees with the TGA results of SiNC-ester-PAMAM (results in Figure 2.13,
Section 2.3.2). However, the expected trend that the weight remaining after 800 °C (SiNC-core)
from the 1-h reaction, the 12-h reaction, to 24-h reaction increases cannot be found. A plausible
explanation is that even after the tedious purification process, there is still an uncertain amount of
free PEG ligands remaining in the three products, and the decomposition of those free allyloxy
(polyethylene oxide) ligands and the decomposition of the allyloxy (polyethylene oxide) ligands
functionalized on SiNCs overlap. By comparing step 2 of the TGA results of AP-SiNCs, the ratios
of the weight loss in step 2 (from methyl 10-undecenoate ligands) to the weight remaining after
800 °C (from SiNC-cores) are 0.342 in the 1-h reaction, 0.409 in the 12-h reaction, and 0.503 in
the 24-h reaction; this increasing trend indicates that more methyl 10-undecenoate ligands were
functionalized on the surfaces of SiNCs with increasing reacting time. This can be explained by
the oligomers of methyl 10-undecenoate formed during the reaction and by a longer time needed

for methyl 10-undecenoate to approach the surfaces of SINCs in order to passivate the SINCs well
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because of the bulky structure of allyloxy (polyethylene oxide) ligands. Moreover, because more

hydrophobic ligands (methyl 10-undecenoate) were functionalized on SiNCs, the AP-SiNCs

obtained from a longer reacting time are expected to have higher stability in aqueous solutions.
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Figure 3.5. TGA data of (a) allyloxy (polyethylene oxide), (b) AP-SiNCs from the 1-h reaction,
(c) AP-SiNCs from the 12-h reaction, and (d) AP-SiNCs from the 24-h reaction.

3.3.2 The Stability Test of AP-SiNCs

The stability test of AP-SiNCs was performed by keeping the three batches of AP-SiNCs (obtained

from a 1-h reaction, a 12-h reaction, and a 24-h reaction) in three kinds of buffer solutions (PBS,
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TBS, SBF) that are widely used in biology labs to mimic bio-systems. The nine combinations were
studied by monitoring the changes in the size and the photoluminescence with dynamic light

scattering (DLS) and photoluminescence spectroscopy, respectively, at different time periods.

Based on former reports, the ligand oligomerization can be induced in a thermal
hydrosilylation.!* In the present work, a similar result is expected as the reaction time becomes
longer. More ligands oligomers (especially for methyl 10-undencenoate) are formed on SiNCs to
form a hydrophobic shell, therefore, the stability of AP-SiNCs becomes higher from the 1-h
reaction, to the 12-h reaction, to the 24-h reaction. In the DLS data of AP-SiNCs in SBF (Figure
3.6a), the sizes of AP-SiNCs from the 12-h reaction and the 24-h reaction remained around 20 nm,
despite some fluctuations, while the sizes of AP-SiNCs from the 1-h reaction showed a clear
increasing trend after the first few hours of fluctuation (The initial sizes of AP-SiNCs are not
shown in the figure because of the way the data is plotted.). A plausible explanation is that in the
1-h reaction, the functionalization was not completed; only a few PEG ligands, which were not
enough to cover the whole surface area of SiNC, were functionalized on the surfaces of SiNCs.
Under this condition, the resulting AP-SiNCs from the 1-h reaction behaved as a surfactant, with
a hydrophilic tail (PEG ligands) and a hydrophobic head (SiNCs functionalized with methyl 10-
undecenoate), in an aqueous solution. This structure tends to self-assemble to form a larger
structure driven by the hydrophobic effect in an aqueous solution in a certain concentration range.

However, in the 12-h reaction and the 24-h reaction, the surfaces of AP-SiNCs were well
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passivated by the two ligands, therefore, the sizes did not change with the time. Similar trends
could be found in the cases of AP-SiNCs in PBS and AP-SiNCs in TBS, which could be explained

with the same theory and mutually verified.
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Figure 3.6. The solvodynamic diameter changes of AP-SiNCs in buffer solutions, (a) SBF, (b)
PBS, and (c) TBS by DLS measurement.
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The stability test of AP-SiNCs also was investigated by monitoring the PL changes of AP-
SiNCs in buffer solutions. In Figure 3.7a, the emission peaks of SiNCs show a gradual blue shifting
from ~650 nm to ~625 nm during the whole testing range, most likely due to the increase in surface
oxidation of SiNCs. In the first 24 h, the PL intensity increased by ~9% of the initial value, which
likely is caused by the decreasing amount of surface trap states due to the removal of the remaining
Si-Hs on the surfaces of SINCs upon oxidation.”> From 24 h to 120 h, the PL intensity gradually
decreased, which could be caused by both surface oxidation and the degradation of SiNCs under
weak base conditions.?* When comparing the behavior of AP-SiNCs from the 12-h reaction in SBF
(Figure 3.7b) with that of AP-SiNCs from the 1-h reaction, a similar gradual trend in PL blue
shifting could be found, but the shift distance (~641 nm to ~626 nm) is smaller than that of AP-
SiNCs from the 1-h reaction. Moreover, the increasing duration of the PL of AP-SiNCs from the
12-h reaction was longer than that of AP-SiNCs from the 1-h reaction, which indicates a slower
oxidation process; the reason could be that more hydrophobic ligand (methyl 10-undecenoate)
oligomers were formed with a longer reaction time, and the oligomers provided a better protection
for SiNCs from water molecules. The PL intensity did not show an obvious decrease in trend until
the last 24 h. In the case of AP-SiNCs from the 24-h reaction, the SiNCs showed the best stability
among the three batches of SiNCs, as expected. In the whole measuring period, only an ~15 nm
blue shifting occurred, and the PL intensity did not show a clear decreasing trend, which indicates

that more ligand oligomers formed after reacting for 12 h.
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Figure 3.7. PL spectra as a function of exposure time (0—120 h) to SBF. The PL changes of (a)
SiNCs from the 1-h reaction, (b) SiNCs from the 12-h reaction, and (¢) SiNCs from the 24-h
reaction.

Similar results were obtained in the case of AP-SiNCs in PBS or TBS, and the PL spectra

are shown in Figure 3.8.
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Figure 3.8. PL spectra as a function of exposure time (0—120 h) to PBS (a—) or TBS (d—f). (a)
and (d) show the PL changes of SiNCs from the 1-h reaction, (b) and (e) show the PL changes of
SiNCs from the 12-h reaction, (c¢) and (f) show the PL changes of SiNCs from the 24-h reaction.
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Five-week extension experiments were performed to probe the long-term stability of AP-
SiNCs in buffer solutions. The AP-SiNCs in SBF was used as an example to show the long-term
changes. The PL spectra of SiNCs from the 1-h reaction (Figure 3.9a), show a significant
decreasing trend in the PL intensity of SiNCs, along with a slight blue shifting. The PL intensity
dropped by ~50% in two weeks, which could be caused mainly by the degradation of SiNCs under
weak base conditions. In the PL spectra of SiNCs from the 12-h reaction (Figure 3.9b), a similar
decreasing trend could be found, however, its rate of decrease is smaller (the PL intensity dropped
by ~50% in five weeks) compared with that of SiNCs from the 1-h reaction. The SiNCs from the
24-h reaction again show the best stability among the three samples; the PL intensity only dropped

by ~16% after testing for five weeks.
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Figure 3.9. PL spectra as a function of exposure time (0—5 weeks) to SBF. The PL changes of (a)
SiNCs from the 1-h reaction, (b) SiNCs from the 12-h reaction, and (c) SiNCs from the 24-h
reaction.

Similar results were obtained in the case of AP-SiNCs in PBS or TBS, and the PL spectra

are shown in Figure 3.10.
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Figure 3.10. PL spectra as a function of exposure time (0—5 weeks) to PBS (a—) or TBS (d—{). (a)
and (d) show the PL changes of SiNCs from the 1-h reaction, (b) and (e) show the PL changes of
SiNCs from the 12-h reaction, (c) and (f) show the PL changes of SiNCs from the 24-h reaction.

3.4 Conclusions

In this chapter, SINCs with an amphiphilic property were prepared successfully by thermal
hydrosilylation of H-SiNCs with the mixed ligands, allyloxy (polyethylene oxide) and methyl 10-
undecenoate. The resulting AP-SiNCs show red/near-infrared photoluminescence, which can be
separated from the autofluorescence of the organism’s tissues. In order to extend the potential
application in bio-systems, the stability of AP-SiNCs in different buffers was tested. Moreover,
the stability of AP-SiNCs could be tuned by changing the duration of thermal hydrosilylation to

adapt to the needs of the applications.
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Chapter 4

Conclusions and Future Directions
4.1 Conclusions

The research work presented in this thesis foucuses on preparing SiNCs with a water-soluble
property to adapt it to biomedical applications. Current results and possible future directions are

summarized in this chapter.

In Chapter 2, a series of experiments were carried out to prepare dendrimer-coated SiNCs
with the purpose of combining the complementary advantages of each material, e.g., water
solubility and luminescent properties. Divergent and convergent methods were performed on the
two kinds of core materials, SINC-ester and SiNC-ammonium. In the divergent method, a series
of stepwise reactions, the Michael addition and an amination reaction, were carried out
successfully; this provided a promising path to build dendrimer structures on SiNCs. In the
divergent methods, commercialized dendrons were used to conjugate with SiNCs, however, the

reaction conditions need to be optimized.

In Chapter 3, we have demonstrated the synthesis and characterization of amphiphilic
SiNCs prepared by thermal hydrosilylation of H-SiNCs with the mixed ligands, allyloxy
(polyethylene oxide) and methyl 10-undecenoate. These particles showed distinctive red

photoluminescence to the autofluorescence of the organism’s tissues. Moreover, the stability of
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AP-SiNCs in different buffers was tested by measuring the size and PL changes as a function of
exposure time. The stability of AP-SiNCs could be tuned by changing the duration of thermal

hydrosilylation to adapt the needs of various applications.

4.2 Future Directions

4.2.1 The Comparison of SiNC/SiO; Composite Prepared from Commercial

HSQ and Synthesized HSQ

In Chapters 2 and 3, two kinds of HSQ from different sources were used to prepare the SINC/Si0,
composite. When two samples of HSQ were characterized by NMR (Figure 4.1), a notable
difference could be found in the NMR spectra; more HSQ with a low degree of polymerization
was found in the synthesized HSQ (sharp peaks at 4-4.5 ppm) than in the commercial HSQ. This
can potentially affect the composition of the SINC/S102 composite or the final SiNCs. It is well
worth carrying out a detailed comparison of the SiNC/SiO, composite prepared from commercial
HSQ and synthesized HSQ so that we can have a better understanding of the formation of the
SiNC/S102 composite. Moreover, it will be useful for consistence with future experiments if we

can separate the HSQs according to their degree of polymerization.
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Figure 4.1. NMR spectra of (a) commercial HSQ and (b) synthesized HSQ in toluene-Ds.

4.2.2 Using the Divergent Method to Build Dendrimer Structures on SiNCs

In Sections 2.2.2 and 2.2.3, the divergent method was used to grow a PAMAM dendrimer on the
surface of SINCs, however, the reagents caused severe crosslinking during repetitive reactions.
Besides optimizing the reaction conditions (lowering the concentration of reagents in the reaction
or slowing down the reaction by lowering the reaction temperature) and optimizing the purification
processes to get a purer product after each reaction (which helps to reduce the crosslinking),'
another synthesis path without the use of a reagent that causes crosslinking could be used (Scheme

4.1). In this process, organic ammonium ion terminated SiNCs (SiNC-ammonium) as the core
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materials were reacted with acrylonitrile through a Michael addition (coupling step), followed by
the nitrile groups being reduced to amine groups (activation step).>* These two steps were repeated

to get a higher generation of SINC@PPI.
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Scheme 4.1. A schematic representation of the synthesis of SINC@PPI using organic ammonium
ion terminated SiNCs (SiNC-ammonium) as the core material.

4.2.3 Using the Convergent Method to Couple SiNCs with Commercial
Dendrons
In Section 2.2.4, the convergent method was used to couple SiNCs with commercial dendrons,

however, the bulky structure of dendrons made them hard to approach the surfaces of SiNCs,
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therefore, the ligands failed to provide enough protection from oxidation. Two possible strategies
could be applied to overcome this problem. One method could be to introduce a linear linker
molecule into the system. The linker molecule could be functionalized on H-SiNCs (Section
2.2.4.2 was performed with this strategy; however, optimizations need to be done to avoid side
reactions) or on the dendron molecule to elongate the active sites, followed by reacting with a
dendron or H-SiNCs, respectively. Another method could be to use mixed ligands to functionalize
SiNCs.* In this work, the H-SiNCs were functionalized with the dendron molecule. After the
reaction, another short chain ligand could be added into the system under inert conditions; this

ligand could react with excess Si-H bonds to passivate the SiNCs fully.

4.2.4 Follow up Research on AP-SiNCs

In Chapter 3, SiNCs with an amphiphilic property were prepared and characterized by methods
such as NMR, TGA, and DLS. In addition, the stability of the resulting particles was studied.
However, there are still some unsolved puzzles about these SiNCs. First, the surface condition of
SiNCs or the nature of the species on the surfaces can be complicated because of the existence of
the two kinds of ligands with different chain lengths and hydrophilicities. Answering questions
such as whether the ligand oligomers are formed during the reaction, what the ratio of the two
ligands is, and how the reaction time and temperature will affect the properties of SiNCs,’ is crucial
for further modification of AP-SiNCs to adapt to the needs of various applications. Although some

discussion about the nature of surface species was mentioned briefly, more work needs to be done.
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A possible approach could be to use NMR or elemental analysis methods to analyze the ratio or
the exact amount of each ligand on the surfaces of AP-SiNCs after getting purer samples (by
optimizing the purification process) from a different reaction temperature and reaction time.®®
Another unsolved puzzle is the mechanism of degradation of AP-SiNCs. Based on the stability
test, the stability of AP-SiNCs could be tuned by changing the duration of thermal hydrosilylation.
In order to have a better understanding of their stabilities and a better control of these particles, it
is worth studying the degradation process and the products from the degradation.’ A possible
approach could be to use high resolution mass spectrometry to analyze the composition of the

fragments of AP-SiNCs obtained from the degradation.
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