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Abstract

Silicon nanoparticles are attractive candidates for biological, photovoltaic and
energy storage applications due to their size dependent optoelectronic properties. These
include tunable light emission, high brightness, and stability against photo-bleaching
relative to organic dyes (see Chapter 1). The preparation and characterization of silicon
nanoparticle based hybrid nanomaterials and their relevance to photovoltaic and

biological applications are described.

The surface-passivated silicon nanoparticles were produced in one step from the
reactive high-energy ball milling (RHEBM) of silicon wafers with various organic
ligands. The surface structure and optical properties of the passivated silicon
nanoparticles were systematically characterized. Fast approaches for purifying and at the
same time size separating the silicon nanoparticles using a gravity GPC column were
developed. The hydrodynamic diameter and size distribution of these size-separated
silicon nanoparticles were determined using GPC and Diffusion Ordered NMR

Spectroscopy (DOSY) as fast, reliable alternative approaches to TEM.

Water soluble silicon nanoparticles were synthesized by grafting PEG polymers onto
functionalized silicon nanoparticles with distal alkyne or azide moieties. The surface-
functionalized silicon nanoparticles were produced from the reactive high-energy ball
milling (RHEBM) of silicon wafers with a mixture of either 5-chloro-1-pentyne in 1-
pentyne or 1,7 octadiyne in 1-hexyne to afford air and water stable chloroalkyl or alkynyl
terminated nanoparticles, respectively. Nanoparticles with the w-chloroalkyl substituents

were easily converted to m-azidoalkyl groups through the reaction of the silicon



nanoparticles with sodium azide in DMF. The azido terminated nanoparticles were then
grafted with monoalkynyl-PEG polymers using a copper catalyzed alkyne-azide
cycloaddition (CuAAC) reaction to afford core-shell silicon nanoparticles with a
covalently attached PEG shell. Covalently linked silicon nanoparticle clusters were
synthesized via the CuAAC “click” reaction of functional silicon nanoparticles with a,-
functional PEG polymers of various lengths. Dynamic light scattering studies show that
the flexible globular nanoparticle arrays undergo a solvent dependent change in volume

(ethanol> dichloromethane> toluene) similar in behavior to hydrogel nanocomposites.

A novel light-harvesting complex and artificial photosynthetic material based on
silicon nanoparticles was designed and synthesized. Silicon nanoparticles were used as
nanoscaffolds for organizing the porphyrins to form light-harvesting complexes thereby
enhancing the light absorption of the system. The energy transfer from silicon
nanoparticles to porphyrin acceptors was investigated by both steady-state and time-
resolved fluorescence spectroscopy. The energy transfer efficiency depended on the
donor-acceptor ratio and the distance between the nanoparticle and the porphyrin ring.
The addition of Cg resulted in the formation of silicon nanoparticle-porphyrin-fullerene
nanoclusters which led to charge separation upon irradiation of the porphyrin ring. The
electron-transfer process between the porphyrin and fullerene was investigated by femto-

second transient absorption spectroscopy.

Finally, the water soluble silicon nanoparticles were used as nanocarriers in
photodynamic therapeutic application, in which can selectively deliver porphyrins into
human embryonic kidney 293T (HEK293T) cells. In particular, the PEGylated alkynyl-

porphyrins were conjugated onto the azido-terminated silicon nanoparticles via a CUAAC



“click” reaction. The resultant PEGylated porphyrin grafted silicon nanoparticles have
diameters around 13.5 + 3.8 nm. The cryo-TEM and conventional TEM analysis proved
that the PEGylated porphyrin grafted silicon nanoparticle could form the micelle-like
structures at higher concentration in water via self-assembly. The UV-Vis absorption
analysis demonstrated that the silicon nanoparticle could reduce the porphyrin
aggregation in water which can reduce the photophysical activity of porphyrin. In
addition, the nanoparticle complex was capable of producing singlet oxygen when the
porphyrin units were excited by light. The cell studies demonstrated that the silicon
nanoparticle could deliver the porphyrin drugs into HEK293T cells and accumulate in the
mitochondria where the porphyrin could serve as an efficient photosensitizer to kill the

cells via mitochondrial apoptotic pathway.
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Chapter 1: Introduction and Significance

1.1 Introduction

Silicon is the second most abundant element in the Earth’s crust and occurs in the
nature mainly in various forms of silicon dioxide and silicates. As a semiconductor
element, silicon does not occur naturally in its elemental form but can be obtained from
chemical reduction of silicon dioxide.! Silicon has a large impact on modern technology
due to its crucial roles in the microelectronics industry. It is the principal component in

semiconductor devices, such as integrated circuits.

As the key component in modern technology, silicon is a prime candidate in the
newest generation of modern science: nanotechnology. Nanotechnology is an
interdisciplinary field which involves chemistry, biology, physics and engineering, which
is focused on the synthesis and control of materials on the nanometer scale. When the
size of the semiconductor materials scales down to the range of 1-100 nanometer, the
materials will display new optical and electronic properties distinct from their bulk
materials.” Nanocrystalline silicon and silicon nanoparticles in particular, can exhibit
enhanced optical and electronic properties when compared to the bulk phase material,
and hence has potential for use in numerous applications. In addition, silicon
nanoparticles are more attractive than other types of nanoparticles because they are fully

compatible with existing technologies.

This thesis describes the synthesis, characterization and functionalization of silicon
nanoparticles and their application in the fields of solar energy materials and

photodynamic therapy. Specifically, this work concerns the production of passivated
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silicon nanoparticles by a mechanochemical process, new methods for characterization of
size distribution and functionalization of silicon nanoparticles with applications as light-
harvesting antennas in solar energy materials and as nanocarriers for drug delivery in

photodynamic therapy.

1.2 Silicon nanoparticles

Although bulk crystalline silicon is useful as a building block material in
semiconductor devices, silicon is not popular in optics and optoelectronics because of its
very low luminescence efficiency at room temperatures due to its indirect bandgap.® As
an indirect bandgap material, radiative recombination in silicon requires the simultaneous
generation of vibration in the crystal lattice (a phonon) along with the photon. Thus it is
much more probable for the electron to release by nonradiactive process than for
radiative recombination.* However, an intense period of research into the silicon
nanostructures was sparked by Canham in 1990, when he first reported the discovery of
visible luminescence from porous silicon produced by electrochemical etching of silicon
wafers.” In particular, silicon nanoparticles have received great attention due to their
efficient and size dependent light emission®. In the past decades, a variety of synthesis
approaches have been developed to produce silicon nanoparticles with efficient
luminescence at room temperature and high quantum vyield that can be closer to or even
higher than some of other direct-bandgap semiconductor nanoparticles.”. Thus, silicon
nanoparticles have already shown great potential application in fields of photovoltaics,

biology, energy storage, nanocatalysis and memory devices.



1.3 Optical properties

1.3.1 Origin of optical properties: band gap
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Figure 1.1 Quantum size effects of semiconductor quantum dots

The optical properties of the crystal are determined by the energy band gap of the
material due to the quantum confinement: as the cluster size of a semiconductor
decreases, the gap between valence and conduction band increases (Figure 1.1).% This
basic phenomenon can be understood by considering the movement of the electrons and
holes in both free and confined space. Electrons and holes are allowed to move freely

throughout the entire crystal in a bulk semiconductor, while their movement becomes



limited in a nanocrystal. When the physical dimension of nanoparticles approaches the
Bohr exciton radius, the exciton will be confined, which results in the band gap of the

nanoparticle inversely correlating to the particle size.?®
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Figure 1.2 Direct and indirect band gap diagram. E4, the band gap energy, Ec, the
minimum energy of the conduction band, E,, the maximum energy of the valence band.
There are two types of band gaps in semiconductor physics, direct band gap and
indirect band gap, which are determined by a certain crystal momentum (k-vector) of the
minimal-energy state of the conduction band and the maximal-energy state of the valence
band. In a direct band gap material, the k-vector of the conduction band minimum and the
valance band maximum are the same, while in an indirect band gap material, like silicon,
the k-vector of the conduction band minimum and the valence band maximum are shifted

(Figure 1.2). Thus, the direct electronic optical transitions in an indirect band gap are
4



dipole forbidden because the electron must pass through an intermediate state and
transfer momentum to the crystal lattice. However, during the photon absorption or
emission in indirect band gap materials, the electronic optical transitions can be assisted
by either absorbing or emitting a phonon (a quantum of lattice vibration), which supplies

the missing crystal momentum (Figure 1.2).%°

When the size of an indirect band gap semiconductor scales down to nanometer
scales and approaches the Bohr exciton radius (about 5 nm for Si), the absorbing and
luminescence states will be shifted to higher energies due to the spatial confinement,
which leads to increase of band gap energy and the delocalization of carriers in k-vector.
This results in the change of absorption and emission properties of the indirect band gap
semiconductor by allowing the non-phonon optical transitions,"* which means the
nanometer sizes indirect band gap semiconductor like silicon might have a direct or

quasi-direct band gap.*?

1.3.2 Optical properties

In addition to quantum confinement, there are two other factors which can influence
optical properties of silicon nanoparticles: surface defects and surface passivation.'®
Surface defects occur when the surface of silicon nanoparticles are not fully passivated,
and lead to the formation of surface dangling bonds which act as traps to lower the
surface free energy, increase the nonradiative recombination, and quench the
photoluminescence. Figure 1.3 shows the possible photoluminescence mechanism of
silicon nanoparticles with and without surface defects. Numerous studies have been
reported which claim that the surface defect states, such as Py-type defects,** could

decrease the effective band gap of the silicon nanoparticles and resulting in the red shift

5



of the photoluminescence (showing red emission, Figure 1.3b).>****5 However, Y. Zhao
and coworkers reported that the surface defect states also could increase the band gap of
the silicon nanoparticles and lead to a blue shift of the photoluminescence (showing blue

emission, Figure 1.3c).*

Surface defect state

Surface defect stat C

o ,
9

MWL
Q

Figure 1.3 Illustration showing photoluminescence mechanism in silicon nanoparticles. a)
without surface defect states where PL is exclusively due to quantum confinement; b)
with surface defect state which reduces the energy gap leading to the red shift of PL; c)
with surface defect state which increase the energy gap leading to the blue shift of PL.
Surface passivation also plays an important role in the optical properties of silicon
nanoparticles. Hydrogen is well known to be introduced to the silicon nanoparticles to
replace the surface dangling bands during the synthesis process. One study on porous
silicon has claimed that hydrogen atoms on the surface can eliminate the irradiative
centers and result in increasing blue emission intensity.*® However, the Si-H bonds in the
particle’s surface can be very reactive and easily be oxidized to form Si=O bonds.
Oxygen passivation on the silicon nanoparticles surface has been shown to cause a
considerable red shift of the photoluminescence due to the electron-hole recombination

involving a trapped electron or exciton.*® In addition, a Si-C bond on the nanoparticle’s



surface, which is much stable than a Si-H bond, has been shown to have similar effect as

the Si-H bond on the photoluminescence properties of silicon nanoparticles.*’

The optical properties of silicon nanoparticles, which are determined by their size
and surface states, include primarily the absorption and photoluminescence (PL). The
typical absorbance of silicon nanoparticles contains a continuous absorbance from the
UV to the visible range due to the indirect character of the absorbance. The emission
wavelength of the PL can be varied by tuning the excitation wavelength and/or
nanoparticle sizes.'® The width of PL is also related to the polydispersity of the particle
size which can be reduced by size separation of the particles.®® Another important
optical property of silicon nanoparticles is their relatively high quantum yield. It has been
reported that silicon nanocrystals passivated by alkenes shown a quantum yield as high as
0.6 at 789 nm.*® Furthermore, the room temperature PL lifetimes of silicon nanoparticles
can be up to the microsecond scale, which are much longer than that of the organic dyes
and direct band gap semiconductor nanoparticles.” The photostabilities of silicon
nanoparticles have been compared with organic dyes used in biological cell imaging,
which clearly indicated that the fluorescence of silicon nanoparticles was stable over 2

hours while the organic dyes quickly lost their intensity.*

1.4 Synthesis of silicon nanoparticles

A significant amount of work on synthesis of silicon nanoparticles has been reported
in last two decades. Due to the optical quenching effect of the surface termination with
oxygen, most of the synthetic approaches are focused on the oxide free alkyl passivated
silicon nanoparticles. There are two general routes for synthesizing silicon nanoparticles:

a top-down process which nanoparticles are forming by reducing the bulk silicon into the

7



nanometer size scale, and a bottom-up process which silicon nanoparticles are assembled

from molecular precursors.

1.4.1 Bottom-up methods

Reduction of halosilanes

Reduction of halosilanes is one of the efficient techniques for producing alkylated
silicon nanoparticles, which was developed by Kauzlarich and co-workers.?” The halogen
terminated silicon nanoparticles can be obtained from the reduction of silicon

tetrachloride with sodium naphthalide at room temperature (Scheme 1.1).

Cl ¢ Cl
Sicl, excess Na(naphthalide), glyme -Ci ol
N, atm, reflux cl cl
Cl

Scheme 1.1 Reduction of silicon tetrahalide using sodium naphthalide to produce halogen

terminated silicon nanoparticles

Cl Cl
lyme, digl THF
SiCl, + 4n ASi (A=K, Na, etc) 20— &Y N 7, ¢ Cl +m ACI
N, atm, reflux cl o

Cl

Scheme 1.2 Reduction of silicon tetrahalide using Zintl salts to produce halogen

terminated silicon nanoparticles

Another solution synthesis route to halogen terminated silicon nanoparticles at low
temperature, which was also developed by Kauzlarich and co-workers, is the reduction of
silicon tetrachloride using Zintl salts (ASi, A=K, Na, etc.) to produce the chloro-

terminated silicon nanoparticles (Scheme 1.2).2 These chloro-terminated silicon
8



nanoparticles can be used as precursors for obtaining alkylated silicon nanoparticles

using an alkyl lithium regent (Scheme 1.3).%

a. ¥ ¢ Bu_ 3" Bu
CI‘QCI + Bulj —Yexane _ BUQBU + LiCl
cl |

Cl C Bu By Bu

Scheme 1.3 Alkylation of halogen terminated silicon nanoparticles
Reduction of halosilanes in inverse micelles

Provencio and co-workers first reported a synthetic method for the production of
size-selected silicon nanoparticles using inverse micelles as reaction vessels in 1999.%° In
this process, the controlled nucleation and growth of the silicon nanocluster occurs in the
interior of nanosize surfactant aggregates. The nucleation and growth of silicon
nanoparticles is restricted to the micelle interior, since the anhydrous halosilanes (e.g.
SiXy4, where X=ClI, Br, I) only disperses in the hydrophilic solution inside the micelles
and is completely insoluble in the continuous oil medium used (e.g. octane). The
anhydrous silicon salts are reduced from Si(IV) to Si(0) using an anhydrous metal
hydride (usually 1 M LiAIH, in THF). The resulting silicon nanoparticles exhibit
hydrogen termination which can be further functionalized by a hydrosilylation reaction.?®
The advantage of this approach is that the silicon nanoparticle size can be controlled by
the micelle size, intermicellar interactions and the reaction chemistry.?> " However, due
to the encapsulation by the interior of micelles, the hydrosilylation of the hydrogen
terminated silicon nanoparticles is difficult and the further purification steps are

necessary.



HO | H
. . octane, THF .
SiX4 (X=C1, Br, 1) + LiAlH, Ar atm, inverse micelles HQH FLXE ARG+ H,

H H
H

@H PN N Heat, light, or catalyst> @W

Scheme 1.4 Synthesis of alkyl-capped silicon nanoparticles using inverse micelles

Oxidation of metal silicides

Br Br Br
Mg,Si + 2.5m Br octane > B +2m MgB

m IV1g Sm > r B m r
2 2 N, atm, reflux ' g5

Br Br

Br
Br. 5 Br Bu. 5" By
hexane
Br‘@'Br + BuLi — > BU‘@'BU + LiCl
Br Br B
Br u Bu Bu

Scheme 1.5 Oxidation of metal silicide to produce alkyl-capped silicon nanoparticles

Halogen terminated silicon nanoparticles can be produced from oxidation reaction of
metal silicides. One of the methods to produce alkyl-capped silicon nanoparticles
involves the oxidation of metal silicide with bromine resulting in bromine terminated
silicon nanoparticles, These nanoparticles are usually followed by the further

functionalization with alky! lithiums (Scheme 1.5).%

Another similar approach used to obtain silicon nanoparticles is the oxidation of
Zintl salts. Oxidation is accomplished with ammonium bromide in a solution of
dimethoxyethane and dioctyl ether under nitrogen atmosphere, resulting in H-terminated

silicon nanoparticles (Scheme 1.6).%
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H ] H

dimethoxyethane, dioctyl eth

NaSi + NH,Br + NaBr ————oyC 1906, TOCY O o H +NaBr+ NH; + H,
N, atm, reflux

Scheme 1.6 Oxidation of Zintl compounds to produce H-terminated silicon nanoparticles

The H-terminated surface on silicon nanoparticles is highly reactive and can be
further functionalized via a hydrosilylation reaction to obtain air-stable alkyl-capped

silicon nanoparticles.
Thermal decomposition of silanes in supercritical conditions

sc-octanol/hexane
140-345 bar, 500 °C

(Ph),SiH, > (Ph),SiH’

o O —<— —<<— H(Ph),Si- Si(Ph),H

Scheme 1.7 Radical mechanism of formation of silicon nanoparticles

Thermal decomposition of silanes in supercritical fluids is a successful approach to
yield passivated silicon nanoparticles. Korgel and co-workers developed an approach
involving the thermal degradation of diphenylsilane in supercritical octanol to produce
passivated silicon nanoparticles.®® The thermal degradation of dephenylsilane was

performed in a mixture of octanol and hexane at high temperatures (500°C) and high

pressure (345 bar) to produce silicon nanoparticles with a stable organic monolayer

passivation. The authors claimed that the formation of silicon nanoparticles followed a

11



radical mechanism because the benzene ring could help to stabilize the silane radical
intermediates, and at the end of the reaction the octanol can replace the phenyl groups

while forming the passivated surface.®*

Thermal decomposition of silanes using laser pyrolysis

Si nanoparticles (oxide embedded)

Scheme 1.8 Thermal decomposition of silane by laser pyrolysis

Another approach to synthesize passivated silicon nanoparticles using laser
induced heating to dissociate the silanes to produce silicon powder.'® % In this method,
silicon powders were synthesized by laser-induced heating of silanes to the temperatures
where the silanes dissociates. A continuous CO; laser beam was focused to a gas stream
which contains silane (SiH,), sulfur hexafluoride (SFg), hydrogen and helium (Scheme
1.8). Oxide terminated silicon nanoparticles were obtained in a continuous fashion with a

rate of 20-200 mg/h.

In order to produce alkyl-capped silicon nanoparticles, the oxide terminated
silicon nanoparticles need to be treated with HF etching to obtain hydrogen terminated
silicon nanoparticles which is followed by a hydrosilylation reaction. Alternatively, the
nanoparticles can be treated with HNO3; to obtain hydroxyl terminated silicon
nanoparticles which then is followed by a rapid thermal oxidation to produce the blue-

emitting particles.

12



Reductive thermal annealing of hydrogen silsesquioxane

O—Si  g—siH

Hs{"’o"#"‘“ S:}H \0 4% H,/96% N, 5.3, 9% 00
g 0_1\5#@035,{'_' A 25000955
\-0-HL O e nc-SifSio;
H H
HSQ

Scheme 1.9 Thermal processing of hydrogen silsesquioxane (HSQ) for preparing silicon

nanoparticle/SiO2-like (nc-Si/SiO;) nanocomposites

In 2006, Veinot and co-workers reported the bulk preparation of nanocrystalline Si-
SiO; (nc-Si/SiO,) composites via a straightforward reductive thermal annealing of a well-
defined molecular precursor, hydrogen silsesquioxane (Scheme 1.9).* In this process,
hydrogen silsesquioxane was thermally processed in a 4% H,:96% N, atmosphere at

1100 ‘Cto produce silicon nanocrystallites encapsulated in a SiO,-like matrix. The

freestanding hydride-surface-terminated silicon nanocrystals could be liberated from the
nc-Si/SiO, composites powders upon etching in ethanol-water solutions of hydrofluoric

acid.
Plasma synthesis

Kortshagen and co-workers reported a single-step synthesis process for oxygen
terminated silicon nanoparticles based on a low-pressure nonthermal plasma in 2005.%
The synthesis approach based on a nonthermal plasmas which was a partially ionized gas
with electrons possessing temperatures of 20,000-50,000K and thus a significantly hotter

than the gaseous atoms and ions, which remain close to room temperature. During the
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processing, the free electrons and ions can recombine at the particle surface which may
contribute to heating the particles to high temperatures which is significantly above the
temperature of the surrounding gas.>* Kortshagen and Swihart reported that the silicon
nanoparticles are created by the electron impact dissociation of SiH; and subsequent
clustering of the fragments.®* However, this method results in the production of oxide
terminated silicon nanoparticles which need to be further functionalized to obtain alkyl-

capped silicon nanoparticles.
Sonochemical synthesis

toluene

Si(OC,Hs), + 4 Na (colloid) > Si nanoparticles + 4 NaOC,H;

ultrasonication, -70°C
lNZ’ 400°C

crystalline Si nanoparticles

Scheme 1.10 Sonochemical synthesis of silicon nanoparticles using reduction reaction

Sonochemical synthesis is another technique that has been used for synthesizing
passivated silicon nanoparticles. Gedanken and co-workers first reported a sonochemical
approach to produce silicon nanoparticles from tetraethyl orthosilicate in 1998.% In this
approach, tetraethyl orthosilicate was reduced by colloidal sodium under sonication in

toluene at -70°C which resulted in the oxygen passivated silicon nanoparticles. However,

the oxygen passivated silicon nanoparticles needed to be treated with HF in order to
obtain hydrogen terminated silicon nanoparticles which could be further functionalized

by a hydrosilylation reaction.
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1.4.2 Top-down methods

Chemical and electrochemical etching

Many groups have reported that the H-terminated silicon nanoparticles can be
synthesized via anodic HF etching of silicon, followed by ultrasonication.*” Porous
silicon with H-terminated surface can be obtained after exposing the crystalline silicon
wafer to HF and current (Figure 1.4). After the etching process, the porous surface of the
silicon wafer is extremely fragile due to ultra-small substructures on the surface. The
ultra-small silicon nanoparticles with H-terminated surface can leach out from the porous
surface and be suspended in the carrier solution, such as toluene, over several hours using

sonification.

Si (surface) + 2 HF + n HY —— SiF, (surface) + 2 H" + (2-n) ¢’

SiF, (surface) + 4HF —> H,SiFg (solution) + H,

Scheme 1.11 Mechanism of surface etching of silicon by HF

a
Hal = M
H | g .
H H H//,, '/SI\:’
' |
’/SI,\/ HH\/ \Sl/\

Figure 1.4 Schematic presentation of H-terminated surface of porous silicon layer on the

silicon surface after etching process
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The H-terminated silicon nanoparticles can be used as starting materials to produce
alkylated silicon nanoparticles via hydrosilylation reactions. Additionally, some groups
have reported that the size of the silicon nanoparticles can be influenced by the applied

current during the etching process.*®
Laser ablation

Since 1994, several groups have reported that silicon nanoparticles with oxide
terminated or hydrogen terminated surface can be generated via laser ablation.** 3 The

generation of silicon nanoparticles is caused by a laser induced degradation of silicon

b c

wafers in vacuum®® or inert atmosphere®* resulting in a oxide terminated surface,
whereas in a hydrogen atmosphere®*" a hydrogen terminated surface is obtained. The
generation rate and average particle size depend on the variation of process parameters,
which including ablation pulse, gas valve timing and nozzle length. Silicon nanoparticles
are produced using femtosecond laser ablation in vacuum due to the sudden expansion of
the extreme material state induced by ultra-short laser irradiation of the target surface,®
while the generation of silicon nanoparticles in argon gas using a nanosecond laser
followed a mechanism of a condensation based process.**® The size of the resulted silicon

nanoparticles in this method ranges from 1-10 nm, and further functionalization is

necessary due to the oxide and hydrogen terminated surfaces.
Sonochemical synthesis

Recently, Mitchell and co-workers developed a novel approach for preparing silicon
nanoparticles with organic surface functional groups in a one-step reaction using

sonochemical synthesis.*® This synthesis approach involves a combination of acoustic
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cavitation erosion of a single-crystalline silicon surface coupled with simultaneous
reaction with an organic ligand. Functionalized silicon nanoparticles with ultra-small
sized and blue-green photoluminescence have been formed at the end of the reactive

cavitation erosion.

R
R R
. THF
Si wafer + 1-hexyne — » R R
sonication, 12°C
R R R

Scheme 1.12 Sonochemical synthesis of silicon nanoparticles using reactive cavitation

erosion

Mechanochemical synthesis of silicon nanoparticles
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Figure 1.5 Schematic illustration of the mechanochemical synthesis of passivated silicon

nanoparticles with alkyne ligands. (alkenes also can be used as passivation ligand)
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As previously discussed, passivated silicon nanoparticles can be produced via
different approaches. However, all of those pathways exhibit similar disadvantages which
require either the use of highly reactive or corrosive chemicals, or require of further
modification of unstable hydrogen or halogen terminated surfaces. An approach of
producing silicon nanoparticles with organic passivation surface in a one-step reaction

under mild reaction conditions with the possibility of scale-up is highly desirable.

Mechanochemical synthesis of passivated silicon nanoparticles via Reactive High
Energy Ball Milling (RHEBM) is a one-step reaction which has been proved to be an
efficient and simple pathway to produce alkylated silicon nanoparticles.** The alkylated
silicon nanoparticles are obtained via ball milling with a reactive organic liquid, such as
alkyne or alkene, and silicon wafer under nitrogen atmosphere. During the RHEBM, the
mechanical energy causes the silicon wafer to fracture and creates fresh silicon surface
which contain reactive silicon-silicon double bonds (-Si=Si-) and silicon surface radicals
(Figure 1.5). The newly-created surface is highly reactive and can react with alkynes or
alkenes resulting in the formation of strong covalent Si-C bonds which can prevent
further oxidation of the silicon surface.?® After RHEBM, the alkylated silicon
nanoparticles are soluble in the organic liquid and can be easily separated out from the

reaction mixture by centrifugation.

1.5 Surface passivation and functionalization of silicon nanoparticles

All the synthetic approaches to silicon nanoparticles involve surface passivation
and/or functionalization. The surface atoms of the nanoparticles play a very important
role in the optoelectronic properties of nanoparticles compared to their bulk atoms due to

the enormous surface area-to-volume that is one of the important attributes of
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nanoparticles.*? Compared to other compound semiconductors, the significant advantage
of silicon nanoparticles is their surface chemistry because of the formation of strong
covalent bonds between silicon and carbon or oxygen, which can covalently link organic
entities onto a silicon surface.* Passivation of the silicon nanoparticle surfaces with
organic groups can increase the resistance of surface oxidation, control the particle’s
interaction and hence control the particle’s arrangement on surfaces, stabilizes the
electronic and optical properties of the particles, prevent bulk aggregation and improve
the solubility in various solvents.® Also, further functionalization of silicon nanoparticles
can provide intriguing properties, such as water solubility and biocompatibility, and lead
to numerous applications including bioimaging, drug delivery and electronic devices.

Figure 1.6 shows the summary of surface tailoring methods of silicon nanoparticles.
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Figure 1.6 Summary of surface tailoring of silicon nanoparticles
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1.5.1 Hydrosilylation reactions

One of the primary means of attaching organic molecules to a silicon surface is
hydrosilylation reactions which form the silicon-carbon bonds on the hydrogen
terminated silicon surface. Most of the synthetic approaches of silicon nanoparticles
result in the generation of hydrogen terminated silicon nanoparticles (Figure 1.7 shows
two typical silicon-hydrogen-terminated surfaces on the silicon nanoparticle), which
means a second step reaction for further functionalization with organic molecules via
hydrosilylation reactions is necessary. Although the hydrogen terminated silicon
nanoparticles are very sensitive to oxygen which requires more complex handling and
equipment, the high reactivity of the silicon-hydrogen bond makes the hydrosilylation

reactions easier and more efficient.

H H H H

| | | |_

S, Si., Si, Si,
S IKE l g A s | i

Si Si

Monohydride terminated flat Si(111)-(1x1)

Dihydride terminated flat Si(100)-(1x1)

Figure 1.7 Schematic presentation of the Si(111) and Si(100) silicon-hydride-terminated

surfaces on the silicon nanoparticle. *®
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In 1993, Linford and co-workers first reported that the hydrosilylation reactions can
be used for attaching alkenes to a silicon surface.** In this reaction, a silicon-hydrogen
bond on the silicon surface reacts with a double bond in an alkene (or triple bond in an
alkyne) to form a direct silicon-carbon bond resulting in an organic layer on the silicon
nanoparticle surface. Figure 1.8 shows the regular mechanism for the hydrosilylation of a
hydrogen-terminated silicon surface with a terminal alkene.* The hydrosilylation reaction
can be initiated by heating, light irradiation or a catalyst which can induce the generation
of silicon surface radicals by removing a hydrogen atom. The silicon surface radical can
react with a double bond to form a silicon-carbon bond and generate a free radical at the
other carbon in the double bond. The carbon radical can then take a hydrogen from the
neighboring silicon atom and generate a new silicon surface radical which can repeat the
process (Figure 1.8). In 2013, Buriak reported that there were plural mechanisms of the
light-promoted hydrosilylation besides the regular radical mechanism, such as exciton-
driven hydrosilylation, photoemission-driven hydrosilylation and surface plasmon-

assisted hydrosilyslation (Figure 1.9).%

It has been demonstrated that hydrogen terminated silicon nanoparticles can be
further functionalized with more complex functional alkenes or alkynes, including
biocompatible molecules, using the hydrosilylation reaction. For example, Sato and
coworkers have used acrylic acid to synthesis propionic acid functionalities in 2006,
Rogozhina and coworker used methyl-4-pentenoate to prepare methyl ester carboxyl
functionalities in 2006, Choi and coworkers reported the attachment of streptavidin in a
four step procedure in 2008, Zachariah et al. and Rosso-Vasic et al. reported the

attachment of acryl amine and acrylthiol in 2008 and 2009,* Sudeep and coworkers used
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3-aminopropyltriethoxysilane to yield amino functionalities in 2009,*° Zhao and
coworkers used octene and hexane for activation with 4’-[3-trifluoromethyl-3H-diazirin-
3-yl]-benzoic acid and N-hydroxysuccinimide for DNA labeling in 2009,>! and Nelles

and coworkers reported the attachment of alkene terminated PEG 1100 in 2010.
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Figure 1.8 Schematic the regular mechanism for hydrosilylation of an H-terminated

silicon surface with a terminal alkene.*
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Figure 1.9 Proposed mechanisms for light-induced hydrosilylation on hydride-terminated

silicon surfaces™

1.5.2 Silanization reactions
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Figure 1.10 Schematic the mechanism for silanization of a hydroxyl-terminated silicon

surface with a chlorosilane or alkoxysilane (where X = Cl, OCH3, OCH,CHg, etc.). *

Silanization is another general method of attaching organic molecules to silicon
surfaces which forms the silicon-oxygen-silicon link on the hydroxyl-terminated silicon
surfaces. As shown in Figure 1.10, the alkoxy or chlorine groups on the silanizing agent,

which typically has one organic group and three alkoxy or chlorine groups attached to it,
24



react with the surface hydroxyls on silicon to form the Si-O-Si linkages. The linkages
then condense with each other to form a cross-linked siloxane layer on the surface.
During the reaction, the silane can partially or fully hydrolyzed in solution before
reacting with hydroxyl groups on the silicon surface. The condensation reactions can lead
to a siloxane layer on the surface, however, the condensation reactions can also occur in
solution in the presence of more than trace amounts of water and lead to the

polymerization of the silane which is undesirable.*

Some examples of silanization reactions applied to attach organic molecules to
silicon nanoparticles have been reported by Swihart’s group. They prepared silicon
nanoparticles with —OH group on the surface, and then the nanoparticles were reacted
with octadecyltrimethoxysilane to produce alkyl termination.'® In another study, they
reacted the hydroxyl-terminated silicon nanoparticles with 3-bromoprophyltrchlorosilane
to general the bromo-terminated silicon nanoparticles, and then used the bromine groups
as sites to attach aniline and initiate graft polymerization of polyaniline on the particle

surface.”

Kauzlarich and coworkers also reported the modification of chloride-terminated
silicon nanoparticles to yield the “ultrastable” siloxane-coated silicon nanoparticles using
two independent silanization reactions (Figure 1.11).?® In one case, the chlorine
terminated groups on the nanoparticle surface were converted to methoxy groups upon
exposure to methanol. Then the methoxy terminated silicon nanoparticles reacted with
water and finally alkyl trichlorosilanes to obtain the silicon nanoparticles with cross-

linked siloxane surfaces. The same siloxane-coated silicon nanoparticles were generated
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via a second approach in which the methoxy terminated silicon nanoparticles were

reacted directly with trinydroxysilanes.

H;C._ H.C
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Figure 1.11 Two independent silanization reactions for the formation of siloxane-coated

silicon nanoparticles. 22

1.5.3 Alkylation of halide-terminated surfaces

Chlorine terminated silicon nanoparticles, which have a chemically active surface,
can be further functionalized with alkyl groups using an alkyl Grignard (RMgBr) or an
alky! lithium reagent (RLi).** In 1996, Bely and Kauzlarich first reported an unexpected
reaction occurred between the chloride surface-terminated silicon nanoparticles and the

methanol which used to remove the salt impurities resulting in the passivation of -OMe
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groups on the silicon nanoparticle surfaces.?®

Kauzlarich’s group extended the
modification of the chlorine terminated silicon nanoparticles using alkyl lithium,
Grignard reagents, lithium aluminum hydride or bromine.?®>* Similarly, Rogozhina and
coworkers reported that the chlorine terminated silicon nanoparticles can react with butyl

amine to obtain a Si-N bonded organic surface layer.*®

1.5.4 “Click” Chemistry

The previous discussed methods to produce stable silicon nanoparticles with specific
functionalization are very time consuming and limited by the choice of capping agents.
An alternative approach to functionalize silicon nanoparticles with specific surface
ligands 1s “click” chemistry. “Click” chemistry is an attractive tool for functionalizing
silicon nanoparticles because of its high yields, modular approach, and broad functional
group tolerance.®® The copper catalyzed azide-alkyne cycloaddition (CUAAC)®’ and the
thiol-ene reaction®® are two major “click” reactions that have been broadly used. The

CUuAAC in particular is one of the most efficient "click" reactions due to its high

selectivity and mild reaction conditions (Scheme 1.13). >"-*°
® O
RI—N=N=N" Ri~n TSN
u
+ - \_/

Scheme 1.13 Copper-catalyzed azide-alkyne cycloaddition reaction

In addition, azides and alkynes are essentially inert to molecular oxygen, various
solvents including water, and common reaction conditions in organic synthesis, while the
formed triazole is very stable which is nearly impossible to oxidize or reduce.® Therefore,
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alkyne-azide “click” chemistry has been performed to functionalize various nanostructure
materials, including gold nanoparticles,® metal oxide nanoparticles,®® silica

nanoparticles®® and silicon surfaces.®

1.6 Characterization of silicon nanoparticles size distribution

The size and size distribution of silicon nanoparticles is very crucial for their
applications due to quantum size effects exhibited by the silicon nanoparticles. Therefore,
characterizing the size of silicon nanoparticles, which is usually done by transmission
electron microscopy (TEM) and atomic force microscopy (AFM), plays a central role in
the silicon nanoparticle investigation. In addition, the hydrodynamic diameter of silicon
nanoparticles can be measured by dynamic light scattering (DLS), gel permeation

chromatography (GPC) and diffusion-order NMR spectroscopy (DOSY).

1.6.1 Transmission electron microscopy

Transmission electron microscopy (TEM) is one of the most powerful tools to
determine and directly image the size of silicon nanoparticles. Many investigations of the
silicon nanoparticle size distribution have been done using TEM technique. The size
distribution of a silicon nanoparticle sample can be obtained from a typical TEM image,
which usually shows the nearly spherical particles with several nm-sizes (Figure 1.13
left). Furthermore, the accurate sizes of individual silicon nanoparticles can be monitored
by high resolution TEM (HRTEM) (Figure 1.12 right).® However, the quantification of
the characterization by TEM techniques assumes that the imaged sample is homogenous

and the imaged area is a representative of the whole sample.

28



10nm

Figure 1.12 (left) (a) and (b) typical TEM image of silicon nanoparticles on a graphite

grid. (Right) HRTEM image of the 1.0, 1.67, 2.15, 2.9 and 3.7 nm silicon nanoparticles.®®

1.6.2 Atomic force microscopy

Atomic force microscopy (AFM) is an alternative method, even an easier method in
some cases, to probe silicon nanoparticles compared to TEM, especially when the
partition of nanoparticles is low in the matrix or precipitates in the amorphous state.® In
this case, AFM is a useful tool to indirectly image the silicon nanoparticles in a matrix
and investigate their size variation. AFM can provide higher resolution than SEM, even
up to atomic resolution (~0.1 nm) in ultra-high vacuum.®” Generally, the distribution of
heights can be measured as an integral function of the size distribution of silicon
nanoparticles in an AFM image. For example, Mayandi and coworkers studied the size
variation of silicon nanoparticles in SiO, matrix using AFM (Figure 1.13).% As shown in
Figure 1.13 (a), the particle-like features which are signatures of regions with silicon
nanoparticles appear in the AFM image after 20 s etching. They are also present for

longer etching times and then disappear again as the SiO, is etched away. Figure 1.13 (b)
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shows a similar variation of particle-like features under a different etching rate. Therefore,

AFM is a promising tool, in some cases a much more convenient, easier, and cheaper

TEM.

way, for the investigation of the silicon nanoparticles and their size variation compared to
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Figure 1.13 AFM taping mode tomography of silicon implanted SiO, samples with

respect to etching time for (a) 1 x 1017 cm-? Si ions and for (b) 5 x 1016 cm-2 Si ions.®®

1.6.3 Hydrodynamic diameter of silicon nanoparticles

In addition to the quantum size effects, surface passivation is another impact factor
of the optical properties of silicon nanoparticles. However, since the organic ligands on
the silicon nanoparticle surface can be either indiscernible by TEM due to the insufficient
contrast, or have been burned off due to the electron beam, the TEM image of the silicon
nanoparticles usually only shows the core size of the particles.®® Consequently, fast,
reliable and cost-effective approaches for determining the entire size, such as
hydrodynamic diameter, of silicon nanoparticles are highly desired. Here, a brief review
of the techniques that can be used for determining the hydrodynamic diameter of silicon

nanoparticles is discussed.
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1.6.3.1 Dynamic light scattering

Dynamic light scattering (DLS) is a non-invasive, well-established technique that
can be used for determining the size of particles and macromolecules typically in the
range of 1 nanometer to several micrometers.” It can be used to measure the size of small
particles, such as nanoparticles, biomolecules and polymers, suspended in a liquid

medium.

B
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Figure 1.14 Illustration showing the hydrodynamic diameter of particles in DLS

The diameter obtained by DLS is hydrodynamic diameter is which based on the
translational diffusion coefficient of the particle (Figure 1.14). Translational diffusion
coefficients depend on the size of particle core, the surface structure and the
concentration and type of ions in the medium, which means the size obtained from this
technique will be closer to the entire size of the particle. However, due to the limitation of
this technique, DLS is more efficient to measure the size of polymer grafted nanoparticles,

but not sensitive enough to the small size (< 10 nm) nanoparticles.®®
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1.6.3.2 Gel permeation chromatography

Gel permeation chromatography (GPC) is one type of size exclusion
chromatography (SEC), which separates the analytes based on their size or hydrodynamic
volume. Once the analytes is injected into the GPC column, the smaller analytes can enter
the pores on the stationary phase more easily and therefore spend more time in these
pores, while the larger analytes spend less time in the pores or even cannot enter these
pores (Figure 1.15). As a result, the larger analytes elute first and the smaller analytes

come out later.
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Figure 1.15 Schematic of the principle of GPC

GPC is usually used to determine the relative molecular weight of polymers and the
distribution of their molecular weights. It also can be used to screen and estimate the size
of nanoparticles. For example, Burda and coworkers have reported to use a gravity GPC

column to separate the PEGylated gold nanoparticles based on the grafting density of the
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PEG and the core size of the nanoparticles.”* Nayfeh and coworkers have reported that
the GPC was used to characterize the solubility and aggregation of H-terminated and
alkylated silicon nanoparticles, while using a polystyrene standard for calibration. The
dispersion of the silicon nanoparticles in THF was measured by a UV detector at 365

nm.®

1.6.3.3 Diffusion-ordered NMR spectroscopy

Diffusion-ordered NMR spectroscopy (DOSY) was recently used as a reliable
alternative to TEM for determining the size of gold nanoparticles in organic solutions.
Wang and coworkers first used diffusion NMR to estimate the size of Au nanoclusters in
2010.” Kubiak and coworkers reported that the 2D DOSY NMR was used to calculate
the diffusion constants and the diameter of solubilized gold nanoparticles capped with
alkyl thiol in different deuterated solvents, and they claimed that the distribution of
nanoparticles sizes obtained from DOSY strongly correlated with the TEM image
analysis.”® Hakkinen and coworkers have used DOSY to estimate the hydrodynamic sizes
of three monodisperse thiol-stabilized gold nanoclusters which the sizes of those gold
nanoclusters were already known. The average cluster diameters obtained this technique

were shown to agree well with the average cluster diameters reported in the literature.”

1.7 Application of silicon nanopatrticles
Size dependent optical and electronic properties” such as broad tunable light
emission,*" ®> ® high brightness,™ stability against photo-bleaching relative to organic

1722527 and low toxicity in vitro and in vivo compared to traditional 11/VI

dyes,
semiconductor quantum dots,”” are attractive properties for silicon nanoparticles making

them as ideal candidates in biological, photovoltaic and other device applications.

33



1.7.1 Photovoltaic application
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Figure 1.16 Schematic of a Si NCs/P3HT hybrid solar cell (left) and the schematic of

electron-hole pair generation in the Si NCs/P3HT hybrid solar cell.”

Silicon has enjoyed years of success because of its crucial roles in the solar cell and
microelectronics industries, and also is a prime candidate for organic-nanocrystal hybrid
solar cells due to its abundance, non-toxicity and strong UV absorption.”® The band gap
of bulk silicon is 1.12 eV, but the band gap of silicon nanoparticles can be increased and
tuned by changing the particle size and surface functionalization, which makes the
electronic properties of silicon nanoparticles more attractive.” Gowrishankar and
coworkers have assembled two hybrid bilayer solar cells which consisting of either
hydrogenated amorphous silicon (a-Si:H)/ poly(3-hexylthiophene) (P3HT) or a-Si:H/
poly(2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylenevinylene) (MEH-PPV), and have
achieved efficiencies of 0.16%.% Adikaari and coworkers reported an improvement on
these results by replacing the a-Si:H by nanocrystalline silicon and increased the

efficiency up to 0.87%.%" Kortshagen and coworkers used blends of free-standing silicon
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nanocrystals (Si NCs) and regioregular P3HT to form nanocrystal-polymer hybrid solar
cells (Figure 1.16).” They explored different Si NC sizes and Si NCs/P3HT ratios to
optimize the solar cell performance, and achieved the power conversion efficiency as
high as 1.15%. Kortshagen and coworkers also have studied the effects of annealing and
different metal electrodes on Si NCs/P3HT solar cells to further optimize the
performance of the solar cell, and produced a device with an improved power conversion

efficiency of 1.47%.%

1.7.2 Biological applications

Unlike traditional 11/VV1 semiconductor quantum dots, silicon nanoparticles exhibit
low toxicity in vitro and in vivo.”” Moreover, silicon nanoparticles provide intriguing
properties such as water solubility and biocompatibility with further functionalization,

and therefore show great potential application in bioimaging and drug delivery.* &

1.7.2.1 Cytotoxicity

The first concern when silicon nanoparticles are used in life sciences in vivo is the
cytotoxicity or biocompatibility. Yamamoto and coworkers have used the passively
oxidized 6.5 nm silicon quantum dots which emit green light in living HeLa cell imaging,
while the toxicity of silicon quantum dots was not observed at 112 pg mL™
concentration.®* This indicates that silicon quantum dots are over ten times safer under
UV exposure when compare to CdSe quantum dots. Horrocks and Datta have reported
intracellular internalization and toxicity of alkyl-capped silicon nanocrystals in human
neoplastic and normal primary cells.®> The uptake of silicon nanocrystals by cells was via
cholesterol-dependent endocytosis, which means the internalization of silicon

nanoparticles by cells is dependent on the membrane cholesterol levels.*® When assessed
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by cell morphology, apoptosis, and cell viability assays, there was no evidence of in vitro
cytotoxicity. Zuilhof and coworkers have systematic investigated the cytotoxicity of a
broad serial of surface functionalized silicon nanoparticles and demonstrated that the
toxicity of silicon nanoparticles was dominated by their surface chemistry.®” The results
showed that the positively charged silicon nanoparticles displayed some toxicity, while
the carboxylic acid-coated, dextran-coated and PEG-coated silicon nanoparticles
displayed no toxicity in a rat lung and human colon cell lines. Thus, silicon nanoparticles
are highly attractive materials for biological and medical applications given the right

coating.

1.7.2.2 Bioimaging

Silicon nanoparticles are suitable for bioimaging application due to several features.
First, the surface of silicon nanoparticles can be made reactive and easy to functionalize
with versatile biocompatible ligands. Secondly, silicon nanoparticles are benign to cells
and tissues, and wouldn’t release toxic heavy metal ions.®® Finally, silicon nanoparticles

31,65,76

have broad tunable light emission with very high quantum yields which can be up

t0 0.6.%°

Many studies on the silicon nanoparticles have been done to demonstrate the
excellent potential application of the modified silicon nanoparticles in bioimaging. For
example, Cola and Zuilhof have prepared very stable and bright emitting amine-
terminated silicon nanoparticles with different alkyl chain lengths between silicon core
and amine end-group.*®® These functionalized silicon nanoparticles, which had ~12%
emission quantum yields, were used in BV2 cells (a murine cell) imaging (Figure 1.17).

These silicon nanoparticles were readily taken up by BV2 cells and appeared to relocate
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to the newly formed cells indicating their good biocompatibility and minimal toxicity.
Compared to the organic dye, these silicon nanoparticles are located in the cytosol and

did not tend to relocate to the nuclei.*®?

Figure 1.17 (a) Epifluorescence image of mitosis of BV2 cells stained with silicon

nanoparticles under blue light irradiation, (b) and (c) Confocal image of BV2 cells

simultaneously stained with silicon nanoparticles and DRAQ5. *°

Swihart and coworkers have reported silicon nanoparticles encapsulated in amine-
functionalized phospholipid micelles, with 50-120 nm diameters and 2-4% luminescence
quantum yield, were used as luminescent labels for human pancreatic cancer cells.* Fan
and Lee also have reported a novel kind of 25 nm oxidized silicon nanospheres, with
excellent water dispersibility, high photoluminescent quantum yield and ultra
photostability, were conjugated with antibody and applied in immunofluorescent cell
imaging.” Reipa and co-workers have prepared conjugation of multiple
photoluminescent silicon nanoparticles to streptavidin molecules using the multistage
photoassisted procedure, which provided a convenient pathway for biomolecule labeling

in biotin-streptavidin affinity based assays.*®
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All of the above reports show that the silicon nanoparticles with stable luminescence,

especially their antibody bioconjugates, are promising fluorescent biological probes for

long-term and real-time cellular labeling.****9-%
1.7.2.3 Drug delivery
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Figure 1.18 Schematic diagram depicting the structure and in vivo degradation process

for the biopolymer-coated porous silicon nanoparticles.*

Nanomaterials which can circulate in the body have great potential to diagnose and
treat disease.*® Porous silicon nanoparticles have been established as excellent candidates
of drug delivery devices because of their excellent biocompatibility, biodegradability and
their numerous pores which can accommodate drugs.®® Sailor and coworkers have
reported the 126 nm luminescent porous silicon nanoparticles with the pore size of 5-10
nm can carry a drug payload and of which the intrinsic near-infrared photoluminescence
enables monitoring of both accumulation and degradation in vivo.”* The luminescent
porous silicon nanoparticles can self-destruct via hydrolysis of surface silicon dioxide
into orthosilicic acid Si(OH)4 in a mouse renally, and then can be excreted from the body

through urine (Figure 1.18). For in vivo studies, the luminescent porous silicon
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nanoparticles injected intravenously were observed to accumulate mainly in mononuclear
phagocytic-system related organs, and could degrade within a few days and then be

removed from the body.

Vaccari and coworkers have investigated the potential applications of porous silicon
as drug-carrier. The delivery of doxorubicin via porous silicon into human colon showed
cytotoxic effects on the carcinoma cells.** Chondroitin sulphate, lactoferrin, and N-
butyldeoxynojirimycin also can be delivered into tumoral cells using porous silicon
nanoparticles, and shown significant effect on decreasing the tumoral cells density.*
Recently, Brinker and coworkers have demonstrated that a single drug-loaded porous
silica nanoparticle which modified with a targeting peptide can specifically bound to

human hepatocellular carcinoma and killed the drug-resistant human carcinoma.®®

1.7.3 Nanocatalysis

The objective of nanocatalysis is the design of a new generation catalyst,
nanocatalysts, which have strong and tunable chemical activity, specificity and
selectivity.”” Silicon nanoparticle photocatalysts with the capability to utilize visible
and/or near UV light can be especially photo-stable, inexpensive and non-toxic.”’ It has
been reported that porous silicon and silicon nanoparticles were good photosensitizers for
singlet oxygen generation in solution.”’® % °' Sjze controlled silicon nanoparticles are
promising candidates as photocatalysts duo to their tunable emissions from near-infrared

to blue wavelength.”"
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Figure 1.19 Scheme of different sizes silicon nanoparticles for different reactions.’”

Kang and coworkers have used different sizes silicon nanoparticles as photocatalysts
for specific reactions.”’® For example, the 1-2 nm silicon nanoparticles were excellent
photocatalysts for reducing CO, to formaldehyde (CH,0) and formic acid (HCOOH), and
the degradation of methyl red, while the 3-4 nm silicon nanoparticles could selectively
photocatalyzed the hydroxylation of benzene by H,O, (Figure 1.19). The photocatalysis
capabilities of silicon nanoparticles are due to their tunable band gap and excellent

photoconductivity properties.

1.7.4 Application to Li-ion batteries

One of the attractive alternatives for increasing the specific energy and energy
density of the lithium ion battery is to replace the standard graphite electrodes by silicon-
based negative electrodes due to their larger volumetric and gravimetric capacities (2190
mAh cm™ and 3580 mAh g™, respectively for silicon versus 830 mAh cm™ and 372
mAhg™ for graphite).?® However, silicon still suffers from huge volume changes (>300%)
and low intrinsic electrical conductivity during lithium uptake and release from silicon,
which seriously hindered the practical application of silicon as an anode material in

lithium ion battery.*® One pertinent way to overcome these disadvantages and improve
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the overall electrochemical performance of silicon anodes is to use a mixture of carbon
additives, binders and silicon nanoparticles. These additives can not only restrict the large
volume change of silicon to keep the electrode stable, but also enhance the electrical
conductivity of the electrode.'® For example, Zhou et al. have successfully prepared
silicon nanocomposites by inserting the silicon nanoparticles into graphene sheets via a
novel method combining freeze-drying and thermal reduction (Figure 1.20).lOOb The
obtained silicon nanocomposites exhibit improved cycling performance (ca. 1153 mAh g

! after 100 cycles) and rate performance in comparison with bare silicon nanoparticles.
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Figure 1.20 Schematic the illustration of the synthesis route for silicon nanoparticles
inserted into graphene. Grey lines (graphene oxide), black lines (thermally reduced
grapheme), and purple balls (silicon nanoparticles). (1) Freeze-drying, and (2) thermal

reduction. %%

Martin et al. have prepared multi-walled carbon nanotube/silicon nanoparticle
hybrid nanocomposites as silicon negative electrodes for lithium ion batteries.'®® The
covalent bonding of the carbon nanotube and silicon nanoparticle was obtained via a
phenyl bridge (Figure 1.21). In this system, the carbon nanotube is close enough to the
silicon nanoparticle which can enhance the electronic pathway to the active material

particles and prevent the large volume change of silicon. The as-achieved
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nanocomposites lead to the enhancement of cycling ability and capacity of the battery

compared to a simple mixture of the two compounds.

Carbon Nanotubes Silicon/Carbon Nanotubes composites
(MWCNTSs) (MWCNTSs-¢-Si)

Figure 1.21 Development of silicon/carbon nanotube nanocomposites via a phenyl

100a

bridge.

1.8 Motivation and summary

In summary, this thesis has the primary aim to investigate the surface structure,
optical properties and size distribution of the passivated silicon nanoparticles produced
by reactive high energy ball milling (RHEBM), and to probe and enhance their potential
application in the fields of light harvesting and drug delivery by functionalizing with

organic photosensitizers and water soluble polymers.

RHEBM has the advantage of producing high vyields of passivated silicon
nanoparticles with polydisperse size distribution in a one-step procedure.** Various
functionalized alkynes and alkenes, such as mono-alkyne, bis-alkyne, halo-alkyne or
halo-alkene, can be used as the surface passivation ligands for ball milling with silicon
wafer to obtain alkyl/alkenyl-passivated silicon nanoparticles with different terminal
groups. The mono-alkynes are simply used as surface passivation ligands while the bi-

functional organic ligands are used as coreactants to form terminated functional groups
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for further functionalization. The passivated silicon nanoparticles with terminal alkyne
groups or halogen groups (which can be easily converted to azide groups) can be further
modified with specific functional ligands via “click” reactions to increase their water
solubility or enhance their application as light harvesting materials and drug delivery

carriers.

Chapter 2 of this thesis presents the mechanochemical synthesis of various
passivated silicon nanoparticles based on the method developed by Heintz.*'® The surface
structure and optical properties of the passivated silicon nanoparticles were
systematically characterized and discussed. The methods of purification and size
separation of those silicon nanoparticles with polydisperse size distribution using a
gravity GPC column were presented. The size determination of the separated silicon

nanoparticles using GPC and DOSY-NMR analysis were discussed.

Chapter 3 illustrates the synthesis of PEGylated water soluble silicon nanoparticles
via a Huigsens 2+3 alkyne-azide “click” reaction between appropriately functionalized
silicon nanoparticles and PEG polymers. The PEGylated silicon nanoparticles have
strong emission in water, and their biocompatibility and non-cytotoxicity has promising
biological application. Additionally, the synthesis of flexible globular PEGylated silicon
nanoparticle arrays with strong covalent bonding, stable uniform 3D structure, tunable

spacer between particles and strong PL emission were also discussed.

In Chapter 4, silicon nanoparticles were used as nanoscaffolds for organizing the
porphyrins to form light-harvesting complexes thereby enhancing the light absorption of

the system. The energy transfer from silicon nanoparticles to porphyrin acceptors was
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investigated by both steady-state and time-resolved fluorescence spectroscopy. The
energy transfer efficiency depended on the donor-acceptor ratio and the distance between
the nanoparticle and the porphyrin ring. In addition, silicon nanoparticle-porphyrin-
fullerene nanocluster was obtained via self-assembly based on the m-m interaction
between the porphyrin and fullerene upon adding Cep. The formation of nanoclusters
resulted in charge separation by irradiating the porphyrin ring. The electron-transfer
process between porphyrin and fullerene was investigated by femto-second transient

absorption spectroscopy.

Chapter 5 describes the synthesis, characterization, photochemical properties, and
photodynamic therapeutic applications of water soluble porphyrin grafted silicon
nanoparticles. Silicon nanoparticles were used as nanocarriers for delivery of porphyrin
drugs into human embryonic kidney 293T (HEK293T) cells. The nanoparticle is capable
of producing singlet oxygen when the porphyrin units are excited by light. The cell
studies demonstrated that the silicon nanoparticle can deliver the porphyrin drugs into
HEK293T cells and accumulate in the mitochondria where the porphyrin could serve as

an efficient photosensitizer to kill the cells via mitochondrial apoptotic pathway.

Chapter 6 describes the investigation of various approaches to produce water soluble
silicon nanoparticles via functionalization of the nanoparticle surface with water soluble
ligands, and to obtain silicon nanoparticle arrays via “host-guest” self-assembly which

rely on the interaction between B-cyclodextrin and adamantane.

In all cases, the primary work was carried out by the candidate under the guidance of

the advisor Prof. Mark J Fink at the Department of Chemistry (Tulane University), and
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the co-advisor Prof. Brian S Mitchell at the Department of Chemical and Biomolecular
Engineering (Tulane University), and collaborations with other research groups were also
critical. In this regard, the author acknowledges the fruitful collaboration with Prof.
Janarthanan Jayawickramarajah’s group (and Dr. Nan Zhang, Hong Zhang in particular)
at the Department of Chemistry (Tulane University), especially for providing the
precursor functionalized porphyrins. The author also acknowledges the collaboration with
Prof. Scott Grayson’s group (and Dr. Yejia Li, Boyu Zhang in particular) at the
Department of Chemistry (Tulane University), especially for providing the precursor
functionalized PEG polymers. The author also thanks Prof. Benjamin Hall’s group
(Fading Chen in particular) at the Department of Cell and Molecular Biology (Tulane

University) for conducting the relevant cell studies.
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Chapter 2: Mechanochemical Synthesis and Size Distribution of

Passivated Silicon Nanoparticles

2.1 Introduction
A significant number of studies of functionalized silicon nanoparticles have been
reported in the last two decades. Silicon nanoparticles have been prepared by a variety of

37-38

methods, including electrochemical or chemical etching of bulk silicon®"™", oxidation of

28-29 22b, 23

metal silicides™ ", reduction of halosilanes with alkali naphthalide or Zintl salts,
and thermal decomposition of silanes®® 2 3% 1 However, all of these pathways are
challenging as they require either use of highly reactive or corrosive chemicals, or require
further modification of unstable hydrogen or halogen terminated surfaces. The
mechanochemical synthesis of passivated silicon nanoparticles via Reactive High Energy
Ball Milling (RHEBM), first reported by Heintz et. al in 2007, provides an efficient and
simple pathway to produce alkylated silicon nanoparticles.* © 2 The alkyl/alkenyl-
passivated silicon nanoparticles are obtained via ball milling with a reactive alkene or
alkyne, and silicon wafer under nitrogen atmosphere. During the RHEBM, the
mechanical energy causes the silicon wafer to fracture and creates a highly reactive
silicon surface which contains silicon-silicon double bonds and silicon surface radicals.
The fresh silicon surface reacts with alkynes or alkenes resulting in a covalent Si-C bond
and finally resulting in a passivated organic surface on the silicon nanoparticle (Scheme
2.1). Hence, various alkynes and alkenes can be used as surface passivation ligands for

ball milling with silicon wafer to obtain alkyl/alkenyl-passivated silicon nanoparticles

with different terminal groups.
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Scheme 2.1 Possible bonding modes of passivated silicon surface with alkyne or alkene,
and the representation of the alkyl/alkenyl-passivated silicon nanoparticles with different

bonding modes.

Silicon nanoparticles are promising candidates in various applications due to their
size dependent electronic and optical properties.” This often requires precise control over
the sizes and size distributions of the silicon nanoparticles. However, one weakness of the
mechanochemical synthesis approach of silicon nanoparticles, as with any top-down
approach, is the polydispersity of the nanoparticle size. Size separation is often achieved
in the post processing stage using technique such as gel permeation chromatography
(GPC). GPC has been used to separate nanoparticles based on their size (i.e.
hydrodynamic volume) with the larger nanoparticles eluting first and the smaller

nanoparticles eluting later. For example, Lu et al. have used a gravity GPC column to
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separate the PEGylated gold nanoparticles based on the grafting density of the PEG and
the core size of the nanoparticles.”* We have developed a simple and fast process to
separate and purify passivated silicon nanoparticles using a gravity GPC column with

Bio-beads S-X1 beads as a stationary phase.

The size of nanoparticles is principally characterized by TEM. However, obtaining
TEM images and subsequent extraction of the size information of silicon nanoparticles is
challenging due to the relatively low contrast of silicon in the electron beam. Furthermore,
it is almost impossible to get TEM images of nanoparticles with size of less than 1 nm.
Even obtaining high-quality TEM images of nanoparticles smaller than 2 nm is
difficult.'®® Additionally, TEM images usually only show the core size of silicon
nanoparticles because of the organic layers on the surface are either indiscernible by
TEM due to insufficient contrast, or have been burned off by the electron beam. Other
size determination methods, which can measure the full size of particles, such as dynamic
light scattering (DLS), are nearly impossible to accurately determine the small size
nanoparticles less than 5 nm.'%* Hence, fast and simple alternatives for determining the

full size of silicon nanoparticles are desirable.

In this chapter, two reliable approaches for determining the size of silicon
nanoparticles using gel permeation chromatography (GPC) analysis and diffusion-
ordered NMR spectroscopy (DOSY) will be presented. GPC is a type of size-exclusion
chromatography (SEC), which is usually used to determine the relative molecular weight
and molecular weight distribution of polymers. Using a series of polymers with known
hydrodynamic volume as standards, GPC analysis can be used to estimate the

hydrodynamic volume of silicon nanoparticles and finally obtain the hydrodynamic
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diameter of those nanoparticles. DOSY-NMR was recently used as a reliable alternative
to TEM for determining the size of gold nanoparticles in organic solutions.”*™ 2D
DOSY-NMR can be used to calculate the diffusion constants, which is based on the
hydrodynamic volume, of the solubilized nanoparticles. By comparing with the diffusion
constants of an internal standard with known size, the size of the nanoparticles can be
obtained.”® However, no study on GPC or DOSY-NMR applied to the determination of
the size of silicon nanoparticles has been reported so far. Therefore, GPC and DOSY -
NMR were performed on a series of size-separated silicon nanoparticles with various

surface ligands to emphasize and validate the applicability of these techniques.
2.2 Results and Discussion

2.2.1 Octenyl-passivated silicon nanoparticles

Octenyl-passivated silicon nanoparticles were synthesized via the method developed

41b

by Heintz,”*" as a simple system for studying the passivated surface structure and optical

properties of silicon nanoparticles produced by RHEBM (Scheme 2.2).

‘ RHEBM
Si Wafer + _4/_\_/ 24 hours o]

Scheme 2.2 Synthesis of silicon nanoparticles passivated by 1-octyne using RHEBM
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Figure 2.1 300 MHz 'H-NMR (top) and *C-NMR (down) spectra of the octenyl-
passivated silicon nanoparticles

The octenyl-passivated silicon nanoparticles were first characterized by NMR
spectroscopy to determine the surface structure of the silicon nanoparticles. As shown in
Figure 2.1, the *H-NMR spectrum shows a broad intense peak around 0-1 ppm which
indicates the protons in the terminal —-CHj; groups, while the broad peak at 1.1 ppm shows

the protons in the —CH; groups on the alkyl chain. Resonances at 1.8 ppm and 5.4 ppm
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are assigned to the CH,-C=C and H-C=C respectively. Moreover, the peak at 3.8 ppm
demonstrates the Si-H passivated surface on the nanoparticle which may due to the
reactive silicon radical abstracting a hydrogen from a surrounding organic ligand, or the
result of an “ene” reaction involving a silicon-silicon double bond and the alkyne
(Scheme 2.3)'® in the ball milling process. Correspondingly, in the **C-NMR spectrum,
there are the intense peaks at 14 ppm, 23 ppm, 30 ppm, 33 ppm and the weak peaks in the

120-140 ppm range due to the octenyl passivation.
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Scheme 2.3 Possible mechanism of forming “ene” structure during RHEBM

More evidence for the existence of an octenyl-passivated surface on the silicon
nanoparticle was obtained by the Fourier transform infrared (FTIR) spectrum shown in
Figure 2.2. The strong band in the 2800-3020 cm™ range indicates the C-H stretching
vibration, while the peaks at 1466 cm™ and 1376 cm™ demonstrate the C-H bending
vibration. The two peaks around 1597 cm™ and 1690 cm™ are due to the C=C stretching
vibration. The Si-C-H and Si-C vibration peaks at 1250 cm™ and 840 cm™ indicate the 1-
octyne passivated to the silicon nanoparticle surface. Furthermore, the broad peak at 980-
1130 cm™ due to the Si-O stretch shows the oxygen passivated surface on the
nanoparticle, % while the Si-H stretching peak at 2120 cm™ correlates with the ~3.8 ppm

peak in the *H-NMR spectrum. The Si-O species are primarily attributed from the silicon
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dioxide on the silicon wafer, but also may due to the oxidation reaction of the reactive

silicon surface with a trace amount of water in the milling medium. %’
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Figure 2.2 FTIR spectrum of octenyl-passivated silicon nanoparticles.

The particle size distribution of the octenyl-passivated silicon nanoparticles was
obtained by TEM (Figure 2.3 a). The TEM image of the crude silicon nanoparticles
shows the broad size distribution ranging from 1 to 10 nm, as well as some aggregation
of the bigger particles. It was from the size distribution that most of the nanoparticles are
smaller than 5 nm. The TEM image also shows that the shape of some larger
nanoparticles was non-spherical, which might due to strain induced in those particles
during high energy ball-milling.’®® Energy dispersive X-ray spectroscopy (EDS) (Figure
2.3 ¢) of the nanoparticles exhibits a pronounced peak at 1.8 KeV (for SiKa) which
confirms silicon in the nanoparticles. The copper peaks which appear in the EDS

spectrum are from the Cu grid.
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Figure 2.4 UV-Vis absorption spectrum and PL emission spectra at various excitation
wavelengths of octenyl-passivated silicon nanoparticles.

The octenyl-passivated silicon nanoparticles show a broad, continuous UV-Vis
absorption tailing at around 600 nm (Figure 2.4). The PL emission spectra of the silicon
nanoparticles, recorded with various excitation wavelengths ranging from 300 to 400 nm
in CH,Cl,, show a strong broad emission in the range of 300 to 650 nm. The strong blue
photoluminescence can be either from the decay of quantum confinement excitions or can
be attributed to the surface defect state.? ®% 3 With increasing the excitation wavelength,
the PL emission maxima were found to shift to longer wavelength, which may due to
only larger nanoparticles were excited under longer excitation wavelength. Furthermore,
the broadness of the emission spectra is consistent with the polydispersity of the silicon

nanoparticles.
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2.2.2 Size separation and purification of silicon nanoparticles using GPC column
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Figure 2.5 Weight distribution of various GPC separated fractions (a), GPC separated
various fractions (b) and the Emission of various fractions excited under UV lamp (c) of

octenyl-passivated silicon nanoparticles, and the gravity GPC column used to fractionate

silicon nanoparticles (d).
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Verdoni et al. have reported that alkenyl-passivated silicon nanoparticles
produced by RHEBM could be separated based on the surface polarity using a silica gel
column.'® The result indicated that retained portions of alkenyl-passivated silicon
nanoparticles possessed an increase in polar species on the surface, compared to eluted

fractions which display more alkyl bound species.

In this study, gel permeation chromatography (GPC) column were used to
separate the passivated silicon nanoparticles based on their size. A gravity GPC column
using Bio-beads S-X1 beads as a stationary phase was used to fractionate the octenyl-
passivated silicon nanoparticles (Figure 2.5d). During the separation by GPC, larger size
nanoparticles pass through the column faster than the smaller size nanoparticles.
Methylene chloride was used as an elution solvent. Fractions were collected in 1.5 ml
increments in separate vials for further characterization (Figure 2.5b). The first fraction
was collected when the silicon nanoparticle sample was added into the GPC column, and
the 12" fraction was found to be the first fraction (F1) which contains silicon
nanoparticles (Figure 2.5a). All the fractions that contain silicon nanoparticles show
bright blue emission under UV lamp (Figure 2.5c). Most of the silicon nanoparticles were
contained in the first four fractions (12" fraction to 15" fraction). Molecular impurities
were also separated out from the nanoparticle solution and appeared in the later fractions
(after 25" fraction) (Figure 2.5 a). Those molecular impurities were generated by the
cyclotrimerization of the reactive alkynes, which might be catalyzed by the iron

compound inside the ball milling system.**°
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Figure 2.6 a) FTIR spectra of various separated fractions of octenyl-passivated silicon
nanoparticles; b) Emission maxima vs excitation wavelength of various separated

fractions of octenyl-passivated silicon nanoparticles.
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The separated fractions of octenyl-passivated silicon nanoparticles were first
characterized by FTIR. The FTIR spectra show the relative intensity of Si-O stretching
peaks decrease with the size of nanoparticles (Figure 2.6a), which indicates that there is
more oxygen passivated surface on the large size nanoparticles. All the fractions of
separated silicon nanoparticles show similar PL emission as the unseparated silicon
nanoparticles. For each fraction, the PL emission maxima were shifted to longer
wavelength with increasing the excitation wavelength (Figure 2.6b). Comparing the PL
emission of F1 and F9 of the separated silicon nanoparticles, the emission maxima of F9
(excited under 300-360 nm) showed blue shift, which due to the decreasing of the
nanoparticle size. However, the emission maxima of F9 excited under 380-400 nm didn’t
show any blue shift. The reason is still unknown, but may be related to the surface-state
of the silicon nanoparticles. Furthermore, the F5 of separated silicon nanoparticles
showed almost the same PL emission as the F1 of separated silicon nanoparticles, and the
PL emission maxima were found to be no blue shift. This is because the PL emission of
silicon nanoparticles is not only dependent on the particle size, but also dependent on the
surface-state. It has been reported that the oxide surface would cause the blue shift of the
PL emission of silicon nanoparticles.**! Since the F1 of separated silicon nanoparticles
has more oxide surface then that of the F5 of separated silicon nanoparticles (Figure 2.6a),
the PL emission maxima of the F1 of separated silicon nanoparticles may have more blue
shift which results in the similar PL emission maxima as the F5 of separated silicon

nanoparticles.
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Figure 2.7 'H-NMR (top) and *C-NMR (down) spectra of octenyl-passivated silicon
nanoparticles which contains aromatic impurities
The presence of aromatic impurities in the nanoparticle sample was first observed

from the 'H-NMR and *C-NMR spectra of the crude octenyl-passivated silicon
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nanoparticles (Figure 2.7). GC-MS studies (Figure 2.8) of the later GPC fractions
confirmed the identity of the aromatic impurities as 1, 2, 4-trihexylbenzene and 1, 3, 5-
trihexylbenzene. The two geometrical isomers were generated from the
cyclotrimerization of 1-octyne with the ratio of 3:2. Together, the isomers comprise about
10% the mass of the total crude nanoparticles. Moreover, the molecular impurities eluted
at the end of the separation, which indicates that GPC can be used for the purification of

silicon nanoparticles from molecular impurities.

Time/min

Time/min

|l||||L L1 HI . II]|Y PTWE | S .

T T T
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
m/z m/z

Figure 2.8 GC-MS spectra of 30" fraction of octenyl-passivated silicon nanoparticles

which contains mostly aromatic impurities
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Figure 2.9a shows the TEM images of an earlier fraction (i.e. fraction 3) of octenyl-
passivated silicon nanoparticles after separation by a gravity GPC column. The TEM
image shows the spherical particles with the average diameter of 3.5 £ 0.9 nm, and the

size distribution is much narrower than that of the crude silicon nanoparticles.

1

Count: 395 Min: 1.606

Mean: 3.457 Max: 7.112
StdDev: 0.859 Mode: 2.800 (178)
Bins: 10 Bin Width: 0.900

Figure 2.9 (a) TEM image of Fraction 3 octenyl-passivated silicon nanoparticles, (b) the

corresponding particle size distribution histograms

2.2.3 Size determination of separated silicon nanoparticles using GPC analysis

GPC analysis was first performed to confirm the size separation of silicon
nanoparticles by the gravity GPC column, as well as to characterize the size distribution
of the separated silicon nanoparticles. The GPC analysis, using refractive index (RI)
detector, of various separated fractions of octenyl-passivated silicon nanoparticles in THF
clearly confirms the size separation and roughly shows the size distribution of each of the
separated fractions (Figure 2.10). The elution volume of fraction 1 to fraction 11
increases from 7.1 ml to 8.2 ml indicating the decreasing size of the separated silicon

nanoparticles.
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Figure 2.10 Separated fractions of octenyl-passivated silicon nanoparticles analyzed by

GPC

—— PS-18.5K
—— PS-91.8K
—— PS-54K

— PS-19.6K
— PS-10K
—— PS-5K

— PS-1.8K

RI

4 5 6 7 8 9 10 11
Elution volume/mL

Figure 2.11 GPC of various molecular weight polystyrene standards
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Figure 2.12 The hydrodynamic volume vs. elution volume for polystyrene standards.
GPC systems with multiple detectors (UV, RI, viscosity and multi-angle dynamic
light scattering detectors) are usually used to characterize the molecular weight and
molecular weight distribution of polymer samples based on their hydrodynamic volumes.
However, the absolute sizes of the silicon nanoparticles cannot be directly obtained from
the GPC analysis due to the limitation of the detectors. The viscosity of the silicon
nanoparticles solution is too low to be monitored by the viscosity detector, while the
hydrodynamic volume of the silicon nanoparticle reaches the lower limit of the multi-
angle dynamic light scattering detector. Therefore, a series of standards with known
hydrodynamic volume are required in order to find out the relationship between the
hydrodynamic volume and elution time of the GPC analysis, and subsequently calculate
the size of the silicon nanoparticles based on the principle that samples with same

hydrodynamic volume elute at the same volume from the same GPC column.

Consequently, a series of polystyrene standards with known hydrodynamic volume

were used to estimate the hydrodynamic volume of the silicon nanoparticles. The elution
63



volumes of the polystyrene standards were obtained using the same GPC system with the
same column (Figure 2.11). A power-law relationship was established between
hydrodynamic volume and elution volume in this GPC system (Figure 2.12). Then the
hydrodynamic volume of the separated silicon nanoparticles can be calculated based on
their elution volumes using Equation 1,

Log[V,,]=—-11.1752—1.08867 xV2%® )

where Vy is the hydrodynamic volume and Vg is the elution volume. Therefore, the
hydrodynamic diameter of the separated silicon nanoparticles can be obtained using

Equation 2,
r, =[BxV, /(47)]"° (2)

where ry is the hydrodynamic radius, and the results are shown on the Table 2.1. As can
be seen, the hydrodynamic diameter of the separated octenyl-passivated silicon
nanoparticles decreases from 6.1 nm to 2.5 nm from fraction 1 to fraction 11. This shows
that the size separation of silicon nanoparticles is accomplished by gravity GPC and
demonstrates that the GPC analysis can be a fast, simple and reliable approach for

obtaining the size of ultra-small nanoparticles with appropriate standards.

Table 2.1 Hydrodynamic diameter of separated octenyl-passivated silicon

nanoparticles from GPC analysis

Fraction 1 3 5 7 9 11

Diameter/nm 6.1£2.8 4.3+2.1 3.5%£1.5 3.0£1.3 2.7+1.2 2.5%1.1
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2.2.4 Size determination of separated silicon nanoparticles using DOSY-NMR

An alternative for characterizing the hydrodynamic volume of silicon nanoparticles
is by directly measuring the diffusion coefficient of the nanoparticle obtained from 2D
DOSY-NMR. DOSY is a NMR technique based on pulsed field gradient spin or
stimulated echo measurements, in which the measured signal intensity depends on time,
diffusion coefficient, and gradient amplitude.*? If the measurements were made with a
range of gradient strengths, the diffusion coefficients of different signals can be
determined based on signal intensity. The diffusion coefficient is related to the size and

shape of individual species followed the commonly known Stokes-Einstein equation. **3

D k,T
cnr,

(3)

where k, is the Boltzmann constant; T is the temperature reported in Kelvin; c is a
parameter that approaches 6 as the hydrodynamic radius reaches 1 nm; * | is viscosity
of the solvent used; and ry is the hydrodynamic radius. The hydrodynamic radius of the
silicon nanoparticles can be obtained using the Stokes-Einstein equation based on the

assumption that all the species are spherical.

By using an internal standard with known hydrodynamic radius, the hydrodynamic
radius of silicon nanoparticles can be calculated using the ratio of standard’s diffusion

coefficient to that observed for the signals of the silicon nanoparticles (Equation 4).

rH NP = D rH sd (4)
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where r, is the hydrodynamic radius of the nanoparticles; r, is the hydrodynamic

radius of the standard; D, is the diffusion coefficient of the standard; D,, is the

diffusion coefficient of the silicon nanoparticles. Ferrocene was chosen as the standard in
this study due to its known hydrodynamic radius of 0.3 nm,™* and its distinct *H-NMR
resonance which is located in an area that is well isolated from the alkenyl-passivated

silicon nanoparticles and solvent resonances.

2.2.4.1 Size determination of octenyl-passivated silicon nanoparticles

2D DOSY-NMR was first performed to determine the hydrodynamic diameters of
the size separated octenyl-passivated silicon nanoparticle fractions which were
characterized by the GPC analysis. Figure 2.13 shows the 2D DOSY-NMR spectra of the
separated fractions of octenyl-passivated silicon nanoparticles, with ferrocene as internal
standard, in deuterated benzene. The ferrocene signal at 4.16 ppm, as well as the signal of

alkyl groups of the silicon nanoparticles at 1.1 and 0.9 ppm, is clearly labeled.
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Figure 2.13 2D DOSY-NMR spectra of separated fractions of octenyl-passivated silicon

nanoparticles with ferrocene as internal standard in CgDs.
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All the DOSY data were processed using the CONTIN algorithm available in the
Bruker TOPSPIN 2.1 software. TOPSPIN’s CONTIN implementation is directly derived
from Provencher’s algorithm based on the Inversion of Laplace Transform.™® It must be
noted that CONTIN vyields generally more broad peaks than the discrete DOSY fitting
while giving the continuous distribution of exponents. The diffusion coefficients of the
separated silicon nanoparticles and ferrocene, as well as the hydrodynamic diameters of
these nanoparticles are shown in the Table 2.2. A distinct decrease of diffusion
coefficients from larger to smaller nanoparticles (from F1 to F11) is observed, which
indicates decreasing nanoparticle size. By comparing the diffusion coefficient of the
silicon nanoparticles to that of the ferrocene, the size of the silicon nanoparticles, which
presented in Table 2.2, can be calculated using equation 4. The results show that the
hydrodynamic diameters of the separated octenyl-passivated silicon nanoparticles
decrease from 6.0 nm to 2.4 nm from fractions 1 to fraction 11, which are in good

agreement with the GPC measurements on the same samples.
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Figure 2.14 2D DOSY-NMR spectrum of fraction 1 of octenyl-passivated silicon

nanoparticles with ferrocene as internal standard in CDCls.
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Table 2.2 Diffusion coefficients and hydrodynamic diameter of separated octenyl-

passivated silicon nanoparticles from the DOSY NMR data in two solvents

Fraction 1 3 5 7 9 11

DFc in C6D6 /mZS—l 10—8.82 10-8.82 10-8.82 10-8.80 10-8.83 10-8.81
DNp in C5D5 /mzs_l 10-9.82:0.25 10-977:0421 10-946810.19 10-9.6010.19 10-9,54:0,19 10-9.4010.15

Diameter in CgDg/nm 6.0£1.5 5.3+1.1 4.4+0.8 3.840.7 3.0+0.6 2.4+0.3

De in CDCl3 /m?s™ 10878 10878 10868 1087 1072 10877

-9.76:0.17 -9.660.13 -0.48:0.11 -9.48:0.15 -9.36:0.21 -9.36:0.15
10 10 10 10 10 10

Dyp in CDCl3 /m?s™

Diameter in CDCl3/nm 5.841.0 4.6+0.7 4.0+0.5 3.2+0.6 2.6+0.6 2.3+0.3

In order to evaluate the effect of solvent on the DOSY-NMR measurement, 2D
DOSY-NMR was performed in the more polar deuterated chloroform solvent. Figure
2.14 shows the 2D DOSY-NMR spectra of the separated fractions of octenyl-passivated
silicon nanoparticles with ferrocene as internal standard in deuterated chloroform which
is similar as the spectrum obtained in deuterated benzene. After analyzing all the DOSY
data using the CONTIN algorithm, the diffusion coefficients of the separated silicon
nanoparticles and ferrocene, as well as the hydrodynamic diameters of nanoparticles in
deuterated chloroform are presented in the Table 2.2. The results show a similar

decreasing of diffusion coefficient from fraction 1 to fraction 11 of the octenyl-passivated
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silicon nanoparticles, while the calculated hydrodynamic diameters of these silicon

nanoparticles decrease from 5.8 nmto 2.3 nm.
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Figure 2.15 Hydrodynamic diameters of separated octenyl-passivated silicon
nanoparticles obtained from GPC and DOSY NMR analysis.

Figure 2.15 compares the hydrodynamic diameters of separated octenyl-passivated
silicon nanoparticles obtained from the GPC analysis in THF and the DOSY NMR
analysis in deuterated benzene and chloroform. The hydrodynamic diameters of the
separated silicon nanoparticles obtained from DOSY NMR in the two solvents are
comparable with each other. The hydrodynamic diameter of the silicon nanoparticles in
deuterated benzene is slightly bigger than the diameter of the nanoparticles in deuterated
chloroform, which may due to the greater ability of benzene molecules to interdigitate

between the organic chains on the nanoparticle’s surface, thereby expanding the particle
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volume. The hydrodynamic diameters of the separated silicon nanoparticles obtained
from GPC are more similar to the results obtained from DOSY NMR in deuterated
chloroform, which may due to the similar polarity of the deuterated chloroform and THF.
In addition, compared the hydrodynamic diameter of the fraction 3 of octenyl-passivated
silicon nanoparticles (4.3~5.3 nm) to their core size obtained from TEM (3.5 nm, Figure
2.9), it was found that the organic shell on the silicon nanoparticles is around 1 nm which
is very reasonable for the octenyl passivated surface. The hydrodynamic diameters of the
separated octenyl-passivated silicon nanoparticles obtained from the two techniques are
consistent with each other, and show the effectiveness of the DOSY NMR, as well as the

GPC analysis, to be reliable methods for determining the size of silicon nanoparticles.

2.2.4.2 Synthesis and size determination of pentenyl-passivated silicon nanoparticles

Si Wafer + /

Scheme 2.4 Synthesis of silicon nanoparticles passivated by 1-pentyne using RHEBM

Pentenyl-passivated silicon nanoparticles were synthesized via ball milling with
silicon wafer and 1-pentyne (Scheme 2.4). The *H-NMR and *C-NMR spectra of the
pentenyl-passivated silicon nanoparticles presented in Figure 2.16 clearly show similar
surface structure to the octenyl-passivated silicon nanoparticles. In the *H-NMR spectrum,
a broad intense peak at 0.9 ppm indicates the protons in the terminal —-CHj3 groups, while
the broad peak at 1.4 ppm shows the protons in the —CH, group which is next to the

terminal —CH3 group. Resonance at 2.0 ppm and the weak broad peak at 5.4 ppm are
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assigned to the CH,-C=C and H-C=C respectively. Furthermore, the peak at 3.5 ppm
demonstrates there is also Si-H passivated surface on the nanoparticle. Additionally, the
intense peaks at 15 ppm, 23 ppm, and the broad peaks in the 27-43 ppm and 120-140
ppm range shown in the *C-NMR spectrum are also assigned to the pentenyl surface

structure.
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Figure 2.16 'H-NMR (top) and *C-NMR (down) spectra of the pentenyl-passivated

silicon nanoparticles
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The pentenyl-passivated silicon nanoparticles showed a similar FTIR spectrum to
the octenyl-passivated silicon nanoparticles, which further confirmed the pentenyl-
passivated surface of the silicon nanoparticles (Figure 2.17). Similarly, the strong band in
the 2800-3020 cm™ range indicates the C-H stretching vibration, while the peaks at 1466
cm™ and 1376 cm™ demonstrate the C-H bending vibration. Those two peaks around
1597 cm™ and 1690 cm™ due to the C=C stretching vibration, and the Si-C-H and Si-C
vibration peaks at 1250 cm™ and 840 cm™ indicate the 1-pentyne passivated to the silicon
nanoparticle surface. Moreover, the broad peak at 980-1130 cm™ is due to the Si-O
stretch shows the oxygen passivated surface on the nanoparticle, while the peak at 2120

cm™ is due to a Si-H stretching vibration.

v(C-H)

6(C-H) v(Si-O) §(Si-C)
(Si-CHY
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Figure 2.17 FTIR spectrum of pentenyl-passivated silicon nanoparticles
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The pentenyl-passivated silicon nanoparticles also show the similar optical
properties as that of the octenyl-passivated silicon nanoparticles, including a broad,
continuous UV-Vis absorption tailing at 550 m, and the strong broad PL emission in the
range of 300 to 650 nm (Figure 2.18). The PL emission spectra of the silicon
nanoparticles were recorded with various excitation wavelengths, ranging from 300 to
400 nm in CH,Cl,. With increasing the excitation wavelength, the PL emission maxima
were found to shift to longer wavelength. The broadness of the emission spectra indicates

that the pentenyl-passivated silicon nanoparticles also have broad size distribution.

1.0 5 — UV-Vis 1.0
—— 300 nm
— 320 nm
—— 340 nm
— 360 nm |
— 380 nm
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Figure 2.18 UV-Vis absorption spectrum and PL emission spectra at various excitation

wavelengths of pentenyl-passivated silicon nanoparticles
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Figure 2.19 2D DOSY-NMR spectra of separated fractions of pentenyl-passivated
silicon nanoparticles with ferrocene as internal standard in CDCls.
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The pentenyl-passivated silicon nanoparticles were separated by a gravity GPC
column, and the hydrodynamic diameters of the pentenyl-passivated silicon nanoparticles
in each fraction were also characterized using 2D DOSY NMR. Figure 2.19 shows the
2D DOSY-NMR spectra of the separated fractions of pentenyl-passivated silicon
nanoparticles with ferrocene as internal standard in deuterated chloroform. Similarly, all
of the DOSY data were analyzed using the CONTIN algorithm, and the diffusion
coefficients of the separated silicon nanoparticles and the ferrocene, as well as the
hydrodynamic diameters of these nanoparticles in deuterated chloroform are presented in
the Table 2.3. The results show an expected decreasing of diffusion coefficient from
fraction 1 to fraction 11 of the pentenyl-passivated silicon nanoparticles, while the
obtained hydrodynamic diameters of the separated pentenyl-passivated silicon
nanoparticles decrease from 5.0 nm to 2.0 nm from fraction 1 to fraction 11 which is

parallel to that of the separated octenyl-passivated silicon nanoparticles.

Table 2.3 Diffusion coefficients and hydrodynamic diameter of separated pentenyl-

passivated silicon nanoparticles from the DOSY NMR data in CDCl;

Fraction 1 3 5 7 9 11
DFc in CDC|3 /mzs—l 10—8.72 10—8.78 10—8.80 10-8.77 10-8.87 10-8.74
DNP in CDC|3 /mzs.l 10—9.62t0.15 10-9460t0413 10-9455t0.17 10-9.43t0.17 10-9,46t0.11 10-9.2810.17

Diameter in CDCl3/nm 5.0+0.7 4.0%0.5 3.4+0.6 2.7+0.5 2.310.3 2.0+0.4
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2.2.4.3 Synthesis and size determination of dodecenyl-passivated silicon nanoparticle
Similar to the other two passivated silicon nanoparticles, the dodecenyl-passivated
silicon nanoparticles were obtained by the ball milling with silicon wafer and 1-dodecyne

(Scheme 2.5).

siwater + /N / \ J/ ——

Scheme 2.5 Synthesis of silicon nanoparticles passivated by 1-dodecyne using RHEBM

Figure 2.20 shows the *H-NMR and **C-NMR spectra of the dodecenyl-passivated
silicon nanoparticles, which clearly demonstrate the dodecenyl-passivated surface on the
silicon nanoparticles. In the 'H-NMR spectrum, an intense peak at 0.9 ppm indicates the
protons in the terminal —CH3 groups, while the strong broad peak at 1.2 ppm shows the
protons in the seven —CH> groups in the alkyl chain. The weak broad peaks at 2.0 and 5.4
ppm are assigned to the CH,-C=C and H-C=C respectively. The weakness of these two
peaks may be due to more alkyl protons in this system compares to the pentenyl-
passivated and octenyl-passivated silicon nanoparticles. Moreover, the weak peak at 3.3
ppm proves that there is slight Si-H passivated surface on the nanoparticle. Furthermore,
in the "*C-NMR spectrum, the intense peaks at 14 ppm, 23 ppm, 29 ppm, 32 ppm due to
the alkyl chain on the nanoparticle surface are also observed. However, the resonance of

the —C=C- doesn’t show on the spectra which may due to the broadness of the peak.
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Figure 2.20 *H-NMR (top) and **C-NMR (down) spectra of the dodecenyl-passivated

silicon nanoparticles
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Figure 2.21 FTIR spectrum of dodecenyl-passivated silicon nanoparticles

The FTIR spectrum of the dodecenyl-passivated silicon nanoparticles presented in
Figure 2.21, which shows the C-H stretching vibration band in the 2800-3020 cm™ range,
the C-H bending vibration peaks at 1466 cm™ and 1376 cm™, the C=C stretching
vibration peaks around 1597 cm™ and 1690 cm™, and the Si-C-H and Si-C vibration
peaks at 1250 cm™ and 840 cm™. Those vibration peaks further confirmed the dodecenyl-
passivated structure of the silicon nanoparticles. Additionally, the broad peak at 980-1130
cm™ due to the Si-O stretch and a weak Si-H stretching vibration at 2120 cm™ shows the

oxygen and hydrogen passivated surface on the nanoparticle.
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Figure 2.22 UV-Vis absorption spectrum and PL emission spectra at various excitation
wavelengths of dodecenyl-passivated silicon nanoparticles

The dodecenyl-passivated silicon nanoparticles also showed the similar optical
properties as those of the other two silicon nanoparticles, including a broad, continuous
UV-Vis absorption tailing at 600 m, and the strong broad PL emission in the range of 300
to 650 nm (Figure 2.22). The PL emission spectra of the silicon nanoparticles were
recorded with various excitation wavelengths, ranging from 300 to 400 nm in CH,Cl,.
Similarly, with increasing the excitation wavelength, the PL emission maxima were
found to shift to longer wavelength, and the broadness of the emission spectra indicates

the dodecenyl-passivated silicon nanoparticles also have broad size distribution.
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Figure 2.23 2D DOSY-NMR spectrum of fraction 3 of dodecenyl-passivated silicon

nanoparticles with ferrocene as internal standard in CDCls.
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The dodecenyl-passivated silicon nanoparticles were separated by a gravity GPC
column, and their hydrodynamic diameters were characterized using 2D DOSY NMR.
Figure 2.23 shows the 2D DOSY-NMR spectra of the separated fractions of dodecenyl-
passivated silicon nanoparticles with ferrocene as internal standard in deuterated
chloroform. After analyzing the DOSY data using the CONTIN algorithm, the diffusion
coefficients of the separated silicon nanoparticles and ferrocene, as well as the
hydrodynamic diameters of these nanoparticles in deuterated chloroform are presented in
the Table 2.4. As expected, the results show a decreasing of diffusion coefficient from
fraction 1 to fraction 11 of the dodecenyl-passivated silicon nanoparticles, and the
obtained hydrodynamic diameters of the separated dodecenyl-passivated silicon
nanoparticles decrease from 6.8 nm to 2.6 nm from fraction 1 to fraction 11 which is

parallel to those of the other two separated silicon nanoparticles.

Table 2.4 Diffusion coefficients and hydrodynamic diameter of separated dodecenyl-

passivated silicon nanoparticles from the DOSY NMR data in CDCl;

Fraction 1 3 5 7 9 11

Dk in CDCl; /m?s™ 1083 10%77 1087 10%7¢ 10%77 10880

-9.8940.25 -9.73£0.34 -9.65£0.23 -9.57+0.25 -9.460.23 -9.4310.17
10 10 10 10 10 10

Dnp in CDC|3 /I‘T]zs—1

Diameter in CDCl;/nm 6.8£1.8 5.5+2.0 4.8+1.1 3.9+1.0 3.0+0.7 2.6%0.4
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Table 2.5 Hydrodynamic diameters of separated silicon nanoparticles with three

different surface ligands obtained from DOSY NMR analysis in CDCl3

Fraction 1 3 5 7 9 11

Si-Cs NPs/nm 5.01+0.7 4.0+0.5 3.410.6 2.7+0.5 2.310.3 2.0+0.4
Si-Cg NPs/nm 5.8+1.0 4.6+0.7 4.0+0.5 3.2+0.6 2.610.6 2.3%0.3
Si-Cy2 NPs/nm 6.8+1.8 5.5+2.0 4.8+1.1 3.9+1.0 3.00.7 2.620.4

] —=—Si-C,, NPs
8 —o— Si-C, NPs
—4— Si-C, NPs

Diameter/nm

0.4 nm

=

0 2 4 6 8 10 12

Fractions of Si Nanopatrticles

Figure 2.24 Hydrodynamic diameters of separated silicon nanoparticles with three
different surface ligands obtained from DOSY NMR analysis in CDCl; (left), and the
schematic illustration showing the size difference between the three passivated silicon

nanoparticles (right).

Table 2.5 and Figure 2.24 compare the hydrodynamic diameters, which were
obtained from DOSY NMR analysis in deuterated chloroform, of the separated silicon
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nanoparticles with three different surface ligands. Since the silicon core sizes of the
nanoparticles obtained from RHEBM are reproducible and independent of the surface
ligands,® the difference of the hydrodynamic diameters of these three passivated silicon
nanoparticles are only dependent from the chain length of the surface ligands. As shown
in Figure 2.24 (right), based on the polarity of the solvent, the organic chain on the
particle’s surface are more likely to be extended. So the theoretical difference of the
hydrodynamic diameters between pentenyl-passivated silicon nanoparticle and octenyl-
passivated silicon nanoparticle is around 0.6 nm, while the theoretical difference of the
hydrodynamic diameters between dodecenyl-passivated silicon nanoparticle and octenyl-
passivated silicon nanoparticle is around 0.8 nm. As expected, the experimental results
obtained from DOSY NMR analysis shows the actual difference of the hydrodynamic
diameters between the early fractions (F1 to F7) of pentenyl-passivated silicon
nanoparticles and octenyl-passivated silicon nanoparticles are around 0.6 nm, while the
actual difference of the hydrodynamic diameters between the early fractions (F1 to F7) of
dodecenyl-passivated silicon nanoparticles and octenyl-passivated silicon nanoparticles
are around 0.8 nm (Figure 2.24 left). The experimental differences of the hydrodynamic
diameters between the later fractions (F9 to F11) of three passivated silicon nanoparticles
are around 0.3 nm, which are smaller than the expected values. This may due to the lower
passivated density on the smaller silicon nanoparticles. In summary, all of these results
show that DOSY NMR gives the size of silicon nanoparticles that are in excellent
agreement with the changing of the surface ligands and the size separation of the silicon
nanoparticles by the gravity GPC column, which further demonstrate the effectiveness of

DOSY NMR as a reliable alternative for obtaining the nanoparticle sizes.
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2.3 Conclusion

Alkenyl-passivated silicon nanoparticles have been produced in one step from the
reactive high-energy ball milling of silicon wafer and the releva