
 

 



 

 

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 ω-chloroalkyl substituents 

were easily converted to ω-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 α,ω-

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 C60 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.
1
 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.
2
 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 



2 

 

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.
3
 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.
4
 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.
5
 In particular, silicon nanoparticles have received great attention due to their 

efficient and size dependent light emission
6
. 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 yield that can be closer to or even 

higher than some of other direct-bandgap semiconductor nanoparticles.
7
. Thus, silicon 

nanoparticles have already shown great potential application in fields of photovoltaics, 

biology, energy storage, nanocatalysis and memory devices.  
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1.3 Optical properties 

1.3.1 Origin of optical properties: band gap 

 

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).
8
 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 
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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.
2, 9

 

 

Figure 1.2 Direct and indirect band gap diagram. Eg, the band gap energy, Ec, the 

minimum energy of the conduction band, Ev, 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 
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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).
10

 

       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,
11

 which means the 

nanometer sizes indirect band gap semiconductor like silicon might have a direct or 

quasi-direct band gap.
12

 

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.
13

 

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 Pb-type defects,
14

 could 

decrease the effective band gap of the silicon nanoparticles and resulting in the red shift 
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of the photoluminescence (showing red emission, Figure 1.3b).
3, 13b, 15

 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).
16

 

 

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.
16

 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.
13b

 In addition, a Si-C bond on the nanoparticle’s 
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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.
17

 

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.
18

 The width of PL is also related to the polydispersity of the particle 

size which can be reduced by size separation of the particles.
18-19

 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.
20

 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.
4
 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.
21

 

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 
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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.
22

 The halogen 

terminated silicon nanoparticles can be obtained from the reduction of silicon 

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

 

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

terminated silicon nanoparticles 

 

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).
23

 These chloro-terminated silicon 
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nanoparticles can be used as precursors for obtaining alkylated silicon nanoparticles 

using an alkyl lithium regent (Scheme 1.3).
24

 

 

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.
25

 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. 

SiX4, where X=Cl, 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 LiAlH4 in THF). The resulting silicon nanoparticles exhibit 

hydrogen termination which can be further functionalized by a hydrosilylation reaction.
26

 

The advantage of this approach is that the silicon nanoparticle size can be controlled by 

the micelle size, intermicellar interactions and the reaction chemistry.
25, 27

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

Oxidation of metal silicides 

 

 

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 alkyl lithiums (Scheme 1.5).
28

 

        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).
29
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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 

 

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.
30

 The thermal degradation of dephenylsilane was 

performed in a mixture of octanol and hexane at high temperatures (500℃) 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 
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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.
30-31

 

Thermal decomposition of silanes using laser pyrolysis 

 

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.
18, 32

 In this method, 

silicon powders were synthesized by laser-induced heating of silanes to the temperatures 

where the silanes dissociates. A continuous CO2 laser beam was focused to a gas stream 

which contains silane (SiH4), sulfur hexafluoride (SF6), 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. 
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Reductive thermal annealing of hydrogen silsesquioxane 

 

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

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

In 2006, Veinot and co-workers reported the bulk preparation of nanocrystalline Si-

SiO2 (nc-Si/SiO2) composites via a straightforward reductive thermal annealing of a well-

defined molecular precursor, hydrogen silsesquioxane (Scheme 1.9).
33

 In this process, 

hydrogen silsesquioxane was thermally processed in a 4% H2:96% N2 atmosphere at 

1100 ℃ to produce silicon nanocrystallites encapsulated in a SiO2-like matrix. The 

freestanding hydride-surface-terminated silicon nanocrystals could be liberated from the 

nc-Si/SiO2 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.
34

 

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.
34

 Kortshagen and Swihart reported that the silicon 

nanoparticles are created by the electron impact dissociation of SiH4 and subsequent 

clustering of the fragments.
35

 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 

 

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.
36

 In this 

approach, tetraethyl orthosilicate was reduced by colloidal sodium under sonication in 

toluene at -70℃ 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.
37

 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.  

 

 

Scheme 1.11 Mechanism of surface etching of silicon by HF 

 

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.
38

  

Laser ablation 

        Since 1994, several groups have reported that silicon nanoparticles with oxide 

terminated or hydrogen terminated surface can be generated via laser ablation.
35, 39

 The 

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

wafers in vacuum
39b

 or inert atmosphere
39c

 resulting in a oxide terminated surface, 

whereas in a hydrogen atmosphere
39f

 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,
39a

 

while the generation of silicon nanoparticles in argon gas using a nanosecond laser 

followed a mechanism of a condensation based process.
39e

 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.
40

 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. 

 

Scheme 1.12 Sonochemical synthesis of silicon nanoparticles using reactive cavitation 

erosion 

Mechanochemical synthesis of silicon nanoparticles 

 

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.
41

 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.
22a

 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.
42

 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.
4
 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.
6
 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. 

 

 

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

surfaces on the silicon nanoparticle. 
43
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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.
44

 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.
4
 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).
45

 

        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,
46

 

Rogozhina and coworker used methyl-4-pentenoate to prepare methyl ester carboxyl 

functionalities in 2006,
47

 Choi and coworkers reported the attachment of streptavidin in a 

four step procedure in 2008,
48

 Zachariah et al. and Rosso-Vasic et al. reported the 

attachment of acryl amine and acrylthiol in 2008 and 2009,
49

 Sudeep and coworkers used 
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3-aminopropyltriethoxysilane to yield amino functionalities in 2009,
50

 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,
51

 and Nelles 

and coworkers reported the attachment of alkene terminated PEG 1100 in 2010.
52

 

 

Figure 1.8 Schematic the regular mechanism for hydrosilylation of an H-terminated 

silicon surface with a terminal alkene.
4
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Figure 1.9 Proposed mechanisms for light-induced hydrosilylation on hydride-terminated 

silicon surfaces
45

 

1.5.2 Silanization reactions 

 

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

surface with a chlorosilane or alkoxysilane (where X = Cl, OCH3, OCH2CH3, etc.). 
4
 

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, 
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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.
4
 

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.
18

 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.
53

 

        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).
22b

 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 trihydroxysilanes. 

 

Figure 1.11 Two independent silanization reactions for the formation of siloxane-coated 

silicon nanoparticles. 
22b

         

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 

alkyl lithium reagent (RLi).
24

 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.
23

 Kauzlarich’s group extended the 

modification of the chlorine terminated silicon nanoparticles using alkyl lithium, 

Grignard reagents, lithium aluminum hydride or bromine.
28, 54

 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.
55

 

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 is “click” chemistry. “Click” chemistry is an attractive tool for functionalizing 

silicon nanoparticles because of its high yields, modular approach, and broad functional 

group tolerance.
56

 The copper catalyzed azide-alkyne cycloaddition (CuAAC)
57

 and the 

thiol-ene reaction
58

 are two major “click” reactions that have been broadly used. The 

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

selectivity and mild reaction conditions (Scheme 1.13). 
57, 59

 

 

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.
60

 Therefore, 
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alkyne-azide “click” chemistry has been performed to functionalize various nanostructure 

materials, including gold nanoparticles,
61

 metal oxide nanoparticles,
62

 silica 

nanoparticles
63

 and silicon surfaces.
64 

 

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).
65

 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. 
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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.
65

 

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.
66

 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.
67

 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 SiO2 matrix using AFM (Figure 1.13).
68

 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 SiO2 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 

way, for the investigation of the silicon nanoparticles and their size variation compared to 

TEM. 

 

Figure 1.13 AFM taping mode tomography of silicon implanted SiO2 samples with 

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

68
 

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.
69

 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.
70

 It can be used to measure the size of small 

particles, such as nanoparticles, biomolecules and polymers, suspended in a liquid 

medium.  

 

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.
69
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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.  

 

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.
71

 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.
6
 

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.
72

 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.
73

 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.
74

  

1.7 Application of silicon nanoparticles 

        Size dependent optical and electronic properties
75

 such as broad tunable light 

emission,
31, 65, 76

 high brightness,
55

 stability against photo-bleaching relative to organic 

dyes, 
17, 22b, 27

 and low toxicity in vitro and in vivo compared to traditional II/VI 

semiconductor quantum dots,
77

 are attractive properties for silicon nanoparticles making 

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



34 

 

1.7.1 Photovoltaic application 

 

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.
78

 

        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.
78

 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.
79

 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%.
80

 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%.
81

 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).
78

 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%.
82

  

1.7.2 Biological applications 

Unlike traditional II/VI semiconductor quantum dots, silicon nanoparticles exhibit 

low toxicity in vitro and in vivo.
77

 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.
4, 83

 

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 μg mL
-1

 

concentration.
84

 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.
85

 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.
86

 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.
87

 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.
88

 Finally, silicon nanoparticles 

have broad tunable light emission
31, 65, 76

 with very high quantum yields which can be up 

to 0.6.
20

 

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.
49a

 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.
49a

  

 

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. 
49a

 

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.
89

  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.
90

 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.
48
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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.
48-49, 89-90

 

1.7.2.3 Drug delivery 

 

Figure 1.18 Schematic diagram depicting the structure and in vivo degradation process 

for the biopolymer-coated porous silicon nanoparticles.
91

 

        Nanomaterials which can circulate in the body have great potential to diagnose and 

treat disease.
92

 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.
93

 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.
91

 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.
94

 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.
95

  

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.
96

 

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.
97

 Silicon nanoparticle photocatalysts with the capability to utilize visible 

and/or near UV light can be especially photo-stable, inexpensive and non-toxic.
97

 It has 

been reported that porous silicon and silicon nanoparticles were good photosensitizers for 

singlet oxygen generation in solution.
97c, d, 97i

 Size controlled silicon nanoparticles are 

promising candidates as photocatalysts duo to their tunable emissions from near-infrared 

to blue wavelength.
97f
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Figure 1.19 Scheme of different sizes silicon nanoparticles for different reactions.
97g

 

Kang and coworkers have used different sizes silicon nanoparticles as photocatalysts 

for specific reactions.
97g

 For example, the 1-2 nm silicon nanoparticles were excellent 

photocatalysts for reducing CO2 to formaldehyde (CH2O) 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 H2O2 (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
-3

 and 3580 mAh g
-1

, respectively for silicon versus 830 mAh cm
-3

 and 372 

mAhg
-1

 for graphite).
98

 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.
99

 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.
100

 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).
100b

  The 

obtained silicon nanocomposites exhibit improved cycling performance (ca. 1153 mAh g
-

1
 after 100 cycles) and rate performance in comparison with bare silicon nanoparticles.  

 

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.
100b

 

        Martin et al. have prepared multi-walled carbon nanotube/silicon nanoparticle 

hybrid nanocomposites as silicon negative electrodes for lithium ion batteries.
100a

 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. 

 

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

bridge.
100a

         

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 yields of passivated silicon 

nanoparticles with polydisperse size distribution in a one-step procedure.
41

 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.
41b

 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 π-π interaction 

between the porphyrin and fullerene upon adding C60. 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 β-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 
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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 

methods, including electrochemical or chemical etching of bulk silicon
37-38

, oxidation of 

metal silicides
28-29

, reduction of halosilanes with alkali naphthalide or Zintl salts,
22b, 23

 

and thermal decomposition of silanes
18, 21, 30, 101

. 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.
41b, c, 102

 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. 



47 

 

 

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.
75

 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.
71

 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.
103

 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.
104

 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.
72-74

 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.
73

 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 

by Heintz,
41b

 as a simple system for studying the passivated surface structure and optical 

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

 

Scheme 2.2 Synthesis of silicon nanoparticles passivated by 1-octyne using RHEBM 
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Figure 2.1 300 MHz 
1
H-NMR (top) and 

13
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 
1
H-NMR spectrum shows a broad intense peak around 0-1 ppm which 

indicates the protons in the terminal –CH3 groups, while the broad peak at 1.1 ppm shows 

the protons in the –CH2 groups on the alkyl chain. Resonances at 1.8 ppm and 5.4 ppm 
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are assigned to the CH2-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)
105

 in the ball milling process. Correspondingly, in the 
13

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. 

 

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
-1

 range indicates the C-H stretching 

vibration, while the peaks at 1466 cm
-1

 and 1376 cm
-1

 demonstrate the C-H bending 

vibration. The two peaks around 1597 cm
-1

 and 1690 cm
-1

 are due to the C=C stretching 

vibration. The Si-C-H and Si-C vibration peaks at 1250 cm
-1

 and 840 cm
-1

 indicate the 1-

octyne passivated to the silicon nanoparticle surface. Furthermore, the broad peak at 980-

1130 cm
-1

 due to the Si-O stretch shows the oxygen passivated surface on the 

nanoparticle, 
106

 while the Si-H stretching peak at 2120 cm
-1

 correlates with the ~3.8 ppm 

peak in the 
1
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. 
107
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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.
108

 Energy dispersive X-ray spectroscopy (EDS) (Figure 

2.3 c) of the nanoparticles exhibits a pronounced peak at 1.8 KeV (for SiKα) 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 2.3 (a) TEM image of crude octenyl-passivated silicon nanoparticles, (b) the 

corresponding particle size distribution histograms, and (c) the energy-dispersive X-ray 

spectra (EDS).  
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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 CH2Cl2, 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.
2, 8-10, 13

 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). 

a 



56 

 

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.
109

 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
th
 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
th
 fraction to 15

th
 fraction). Molecular impurities 

were also separated out from the nanoparticle solution and appeared in the later fractions 

(after 25
th
 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.
110
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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.
111

 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 
1
H-NMR (top) and 

13
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 
1
H-NMR and 

13
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. 

 

Figure 2.8 GC-MS spectra of 30
th

 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. 

 

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 
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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 
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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, 

1.04418[ ] 11.1752 1.08867H ELog V V              (1) 

where VH is the hydrodynamic volume and VE is the elution volume. Therefore, the 

hydrodynamic diameter of the separated silicon nanoparticles can be obtained using 

Equation 2,  

1/3[3 /(4 )]H Hr V             (2) 

where rH 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.
112

 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. 
113

 

b

H

k T
D

c r
                             (3) 

where kb 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; 
114

 η is viscosity 

of the solvent used; and rH 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). 

NP sd

sd
H H

NP

D
r r

D
                     (4) 



66 

 

where 
NPHr is the hydrodynamic radius of the nanoparticles; 

sdHr is the hydrodynamic 

radius of the standard; 
sdD is the diffusion coefficient of the standard; 

NPD  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,
115

 and its distinct 
1
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 C6D6. 



69 

 

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.
116

 It must be 

noted that CONTIN yields 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 CDCl3. 
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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 /m2s-1 10-8.82 10-8.82 10-8.82 10-8.80 10-8.83 10-8.81 

DNP in C6D6 /m2s-1 10-9.82±0.25 10-9.77±0.21 10-9.68±0.19 10-9.60±0.19 10-9.54±0.19 10-9.40±0.15 

Diameter in C6D6/nm 6.0±1.5 5.3±1.1 4.4±0.8 3.8±0.7 3.0±0.6 2.4±0.3 

DFc in CDCl3 /m2s-1 10-8.78 10-8.78 10-8.66 10-8.75 10-8.72 10-8.77 

DNP in CDCl3 /m2s-1 10-9.76±0.17 10-9.66±0.13 10-9.48±0.11 10-9.48±0.15 10-9.36±0.21 10-9.36±0.15 

Diameter in CDCl3/nm 5.8±1.0 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 nm to 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 

 

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 
1
H-NMR and 

13
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 
1
H-NMR spectrum, 

a broad intense peak at 0.9 ppm indicates the protons in the terminal –CH3 groups, while 

the broad peak at 1.4 ppm shows the protons in the –CH2 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 CH2-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 
13

C-NMR spectrum are also assigned to the pentenyl surface 

structure.  

 

Figure 2.16 
1
H-NMR (top) and 

13
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
-1

 range indicates the C-H stretching vibration, while the peaks at 1466 

cm
-1

 and 1376 cm
-1

 demonstrate the C-H bending vibration. Those two peaks around 

1597 cm
-1

 and 1690 cm
-1

 due to the C=C stretching vibration, and the Si-C-H and Si-C 

vibration peaks at 1250 cm
-1

 and 840 cm
-1

 indicate the 1-pentyne passivated to the silicon 

nanoparticle surface. Moreover, the broad peak at 980-1130 cm
-1

 is due to the Si-O 

stretch shows the oxygen passivated surface on the nanoparticle, while the peak at 2120 

cm
-1

 is due to a Si-H stretching vibration. 

3000 2500 2000 1500 1000 500

(Si-C)(Si-O)

(Si-CH)

(C-H)

(C=C)
(Si-H)

Wavenumber/cm
-1

(C-H)

(C-H)
 

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 CH2Cl2. 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. 
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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 CDCl3. 
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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 CDCl3 

Fraction 1 3 5 7 9 11 

DFc in CDCl3 /m2s-1 10-8.72 10-8.78 10-8.80 10-8.77 10-8.87 10-8.74 

DNP in CDCl3 /m2s-1 10-9.62±0.15 10-9.60±0.13 10-9.55±0.17 10-9.43±0.17 10-9.46±0.11 10-9.28±0.17 

Diameter in CDCl3/nm 5.0±0.7 4.0±0.5 3.4±0.6 2.7±0.5 2.3±0.3 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). 

 

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

Figure 2.20 shows the 
1
H-NMR and 

13
C-NMR spectra of the dodecenyl-passivated 

silicon nanoparticles, which clearly demonstrate the dodecenyl-passivated surface on the 

silicon nanoparticles. In the 
1
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 –CH2 groups in the alkyl chain. The weak broad peaks at 2.0 and 5.4 

ppm are assigned to the CH2-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 
13

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 
1
H-NMR (top) and 

13
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
-1

 range, 

the C-H bending vibration peaks at 1466 cm
-1

 and 1376 cm
-1

,
 
the C=C stretching 

vibration peaks around 1597 cm
-1

 and 1690 cm
-1

, and the Si-C-H and Si-C vibration 

peaks at 1250 cm
-1

 and 840 cm
-1

. Those vibration peaks further confirmed the dodecenyl-

passivated structure of the silicon nanoparticles. Additionally, the broad peak at 980-1130 

cm
-1

 due to the Si-O stretch and a weak Si-H stretching vibration at 2120 cm
-1

 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 CH2Cl2. 

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 CDCl3. 
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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 CDCl3 

Fraction 1 3 5 7 9 11 

DFc in CDCl3 /m2s-1 10-8.83 10-8.77 10-8.75 10-8.76 10-8.77 10-8.80 

DNP in CDCl3 /m2s-1 10
-9.89±0.25

 10
-9.73±0.34

 10
-9.65±0.23

 10
-9.57±0.25

 10
-9.46±0.23

 10
-9.43±0.17

 

Diameter in CDCl3/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-C5 NPs/nm 5.0±0.7 4.0±0.5 3.4±0.6 2.7±0.5 2.3±0.3 2.0±0.4 

Si-C8 NPs/nm 5.8±1.0 4.6±0.7 4.0±0.5 3.2±0.6 2.6±0.6 2.3±0.3 

Si-C12 NPs/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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Figure 2.24 Hydrodynamic diameters of separated silicon nanoparticles with three 

different surface ligands obtained from DOSY NMR analysis in CDCl3 (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,
69

 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 relevant alkynes. The surface 

structure and optical properties of these passivated silicon nanoparticles have been 

systematically characterized to confirm the successful production of the nanoparticles and 

the surface passivation. Due to the polydispersity of the silicon nanoparticles and the fact 

that alkynes may undergo cyclotrimerization to generate the relevant substituted benzene 

during the ball milling process, a fast approach for purify and at the same time size 

separating the silicon nanoparticles using a gravity GPC column has been developed. The 

hydrodynamic diameters of the separated silicon nanoparticles have been characterized 

using the GPC and DOSY NMR analysis. The results demonstrate the excellent 

effectiveness of the GPC and DOSY NMR as reliable approaches for determining the 

nanoparticle sizes, and these two methods are faster and more cost-effective compared to 

TEM. 
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2.4 Experimental Section 

2.4.1 Materials 

        All chemicals were purchased from Sigma-Aldrich or Alfa Aesar, and employed 

without further purification unless specified. Tetrahydrofuran (THF) was distilled over 

sodium-benzopheneone prior to use. Dichloromethane was distilled over CaH2 before use. 

Silicon wafer (undoped, mirror finish, orientation [111]) was obtained from Silrac. Bio-

beads S-X1 beads, 200 mesh, were purchased from Bio-Rad. 

2.4.2 Synthesis of passivated silicon nanoparticles 

        Silicon wafer (1.0 g) was placed in a stainless steel milling vial along with two 

stainless steel milling balls (diameter of 1.2 cm, weighing approximately 8.1 g). The vial 

was filled in a Vacuum Atmospherics dry box under a nitrogen atmosphere with 20 mL 

alkynes (1-pentyne, 1-octyne or 1-dodecyne) and then tightly sealed. The milling vial was 

placed in a SPEX 8000-D Dual Mixer/Mill, and the reactive high energy ball milling 

were performed for 24 hours. After 24 hours of milling, the reaction mixture was 

centrifuged to remove larger particles. The solution contains alkenyl-passivated silicon 

nanoparticles which are soluble in non-polar organic solvents. All of the solvents were 

removed by vacuum distillation to yield dry nanoparticle products. The nanoparticles can 

be redispersed in organic solvents like THF, methylene chloride, toluene and hexane etc. 

Crude Yield: 80-120 mg. 

        Pentenyl-passivated silicon nanoparticles. 
1
H-NMR (δ, 300 MHz, CDCl3): 5-6 

(broad and weak peak), 3.5 (broad and weak peak), 2.4-0.5 (multiple broad peaks). 

13
C{

1
H} NMR (δ, 300 MHz, CD2Cl2): 140-120 (broad peaks), 50-10 (multiple broad 
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peaks). FTIR (thin film on KBr plate): 2820-2990 cm
-1

 (ν (C-H)), 2100 cm
-1

 (ν (Si-H)), 

1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (ν (Si-C)), 1190-850 

cm
-1

 (ν (Si-O)), 830 cm
-1

 (δ (Si-C)). UV-vis Absorption (in CH2Cl2): Single absorption 

with a tail up to 550 nm. PL emission (in CH2Cl2): 350-650 nm emission peaks by 

changing excitation wavelength from 300-400 nm. 

        Octenyl-passivated silicon nanoparticles. 
1
H-NMR (δ, 300 MHz, CDCl3): 5-6 (broad 

and weak peak), 3.7 (broad and weak peak), 3-0 (multiple broad peaks). 
13

C {
1
H} NMR 

(δ, 300 MHz, CD2Cl2): 140-120 (broad peaks), 33 (broad), 30 (broad), 23 (broad), 14 

(broad). FTIR (thin film on KBr plate): 2820-2990 cm
-1

 (ν (C-H)), 2100 cm
-1

 (ν (Si-H)), 

1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (ν (Si-C)), 1190-850 

cm
-1

 (ν (Si-O)), 830 cm
-1

 (δ (Si-C)). UV-vis Absorption (in CH2Cl2): Single absorption 

with a tail up to 600 nm. PL emission (in CH2Cl2): 310-650 nm emission peaks by 

changing excitation wavelength from 300-400 nm. 

        Dodecenyl-passivated silicon nanoparticles. 
1
H-NMR (δ, 300 MHz, CDCl3): 5-6 

(broad and weak peak), 3.4 (broad and weak peak), 3-0 (multiple broad peaks). 
13

C {
1
H} 

NMR (δ, 300 MHz, CD2Cl2): 140-120 (broad peaks), 32 (broad), 29 (broad), 23 (broad), 

14 (broad). FTIR (thin film on KBr plate): 2820-2990 cm
-1

 (ν (C-H)), 2100 cm
-1

 (ν (Si-

H)), 1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (ν (Si-C)), 1190-

850 cm
-1

 (ν (Si-O)), 830 cm
-1

 (δ (Si-C)). UV-vis Absorption (in CH2Cl2): Single 

absorption with a tail up to 600 nm. PL emission (in CH2Cl2): 310-650 nm emission 

peaks by changing excitation wavelength from 300-400 nm. 
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2.4.3 Purification and size separation of passivated silicon nanoparticles 

        A gravity GPC column was used for the size separation and purification of 

passivated silicon nanoparticles. Bio-beads S-X1 beads were swelled overnight in dry 

THF and packed into a 40 cm × 1.3 cm glass column. Dichloromethane was used as an 

elution solvent. A concentrated nanoparticle solution (~50 mg in 1 ml CH2Cl2) was added 

into the column and eluted into various fractions collected in 1.5 mL increments in 

separate vials. The first fraction was collected when the silicon nanoparticle sample was 

added into the GPC column, and the 12
th

 fraction was the first fraction (F1) which 

contains silicon nanoparticles. Later fractions (after 25
th
 fraction) contain mostly 

impurities. 

2.4.4 Analytical methods 

2.4.4.1 NMR sample preparation and acquisition 

        NMR samples were prepared by vacuum drying each fraction (~1.5 mL) of the 

silicon nanoparticle solution, adding 0.8 mL of the deuterated solvent, and then 

transferring the solution to a 5 mm NMR tube. 
1
H-NMR and 

13
C-NMR measurements 

were performed on a Bruker Avance 300 spectrometer equipped with a 5 mm BBO probe. 

All DOSY NMR experiments were performed on the same spectrometer equipped with a 

5 mm inverse broadband BBI probe at 298 K, which provides a z-direction gradient 

strength of up to 53.5 G/cm. The PFG NMR pulse sequence with bipolar-gradient pair 

(BPP) and longitudinal eddy current delay (LED) was used to acquire DOSY spectra with 

32768 and 32 points in t2 and t1, respectively. The resonance frequency of 
1
H nuclei 

were 300.13 MHz. The corresponding p/2 pulse widths were 7.5 ms and the delay 

between transients is 2s. A 100 ms diffusion time was used. The gradient pulse widths 
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varied from 1.3 ms to 2.7 ms, depending on the diffusivity. 384 transients were 

accumulated. The results are analyzed using CONTIN algorithm available in the Bruker 

TOPSPIN 2.1 software. 

2.4.4.2 Infrared spectroscopy 

        FTIR spectra were recorded at 1 cm
-1

 resolution with 1000 scans on a Thermo 

Nicolet NEXUS 670 FTIR instrument. Samples were prepared as a thin film of 

passivated silicon nanoparticles prepared by depositing dichloromethane solution of 

silicon nanoparticles on a KBr plate. The FT-IR sample chamber was purged with dry 

nitrogen before collecting any data. 

2.4.4.3 UV-vis absorption and photoluminescence spectroscopy 

        UV-Vis absorption spectra were recorded in a quartz cuvette (1cm), using a Cary 50 

spectrophotometer and were corrected for the solvent absorption. The scan range was 

200-800 nm with a 300 nm min
-1

 scan rate. Excitation-emission spectra were recorded in 

a quartz cuvette (1cm), using a Varian Cary Eclipse spectrofluorometer with a scan rate 

of 120 nm min
-1

. 

2.4.4.4 Transmission electron microscopy 

        High-resolution transmission electron microscopy (TEM) studies were performed 

with a Tecnai G2 TEM using an accelerating voltage of 300 kV. The EDX data were 

obtained in the TEM using a Bruker attachment, using a 3nm beam spot. TEM samples 

were prepared by dropping a sonicated diluted solution of silicon nanoparticles in toluene 

onto a carbon-coated 400 mesh carbon coated copper grid placed on a filter paper. The 
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filter paper soaked up the excess solution before inserting in grid in the TEM sample 

holder. 

2.4.4.5 GC-MS 

        GC-MS analysis was performed in GC-MS system (Varian 450 GC, Varian 300 MS) 

with VF5-MS capillary column. 2 µL diluted solution in methylene chloride was injected 

into the GC-MS system. 

2.4.4.6 Gel-permeation chromatography 

        GPC analysis was performed in a multi-detector gel-permeation chromatography 

(GPC) system with a PL gel 5μm,  300 ×7.5 mm chromatographic column, an injector 

with a 0.2 mL loop, and UV, RI, viscosity and multi-angle dynamic light scattering 

detectors. The eluting solvent, THF (>99.9%, HPLC grade) was passed through the 

detectors and column at 1.0 mL/min. 0.2 mL (2mg/mL) silicon nanoparticles solution in 

THF, which was pre-filtered by a 0.45 micrometer filter, was injected into the system, 

and GPC was used to determine size and dispersity. 
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Chapter 3:  Water soluble PEGylated silicon nanoparticles and their 

assembly into swellable nanoparticle arrays 

3.1 Introduction 

        The solubility of silicon nanoparticles in water is paramount for biological 

applications. Water soluble silicon nanoparticles have potential use in cellular and assay 

labeling techniques, as well as in deep-tissue imaging.
117

 So far, silicon nanoparticles 

have been made water soluble by functionalizing with various water soluble ligands such 

as amines,
17, 26, 117

 carboxylic acids,
118

 poly(acrylic acid),
21

 or by forming micelle-

encapsulated silicon nanoparticles using micelles made of phospholipids
89

 or 

poly(ethylene glycol) (PEG) – based amphiphilies.
119

 

        PEG is an ideal polymer for the modification of nanostructured materials based on 

its intrinsic biocompatibility and water solubility.
120

 PEG grafting has been shown to 

impart onto a large range of substrates improved properties, including reduced hemolytic 

toxicity, improved water solubility and increased blood circulation times,
121

 and is 

advantageous in drug delivery systems involving liposomes, nanoparticles and 

peptides.
122

 PEGylated silicon nanoparticles with strong Si-C attachments have been 

prepared by Sudeep et al. through the hydrosilylation of H-terminated silicon 

nanoparticles with alkenyl terminated PEGs.
49b

 Multi-particle assemblies of silicon 

quantum dots which are physically encapsulated in PEGylated micelles have also been 

prepared by Erogbogbo et al. for bioimaging applications.
119

 PEGylated silicon 

nanoparticle arrays in which the nanoparticles are covalently cross-linked with PEG 

linkers have yet to be reported. 
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The mechanochemical synthesis and functionalization of silicon nanoparticles by the 

reactive high-energy ball milling (RHEBM) of silicon provides a convenient pathway for 

the covalent attachment of PEG polymers. The freshly prepared silicon surfaces produced 

by fracturing are highly reactive and undergo “cycloaddition” reactions with unsaturated 

organic compounds including alkenes and alkynes.
123

 If the ball milling is performed in a 

stoichiometric excess of either α, ω-diynes
41c

 or α, ω-chloroalkynes
41a

, an alkyne end of 

these molecules attaches covalently with the surface, leaving either an alkyne or chloro 

group exposed at the perimeter of the ligand shell. The chloro group can be easily 

converted to an azide group via nucleophilic displacement by the azide ion.
108b

 The PEG 

polymers can be covalently grafted to the ligand shell of the silicon nanoparticles via a 

copper catalyzed azide-alkyne cycloaddition (CuAAC) “click” reaction. In this study, the 

functionalized silicon nanoparticles (alkyne or azide terminated) were reacted with the 

complementary PEG polymers (azide or alkyne terminated) namely mono-alkynyl-PEG, 

α,ω-bis-alkynyl-PEG and α,ω-bis-azido-PEG. The use of bifunctional PEG polymers 

resulted in the formation of covalently cross-linked silicon nanoparticles in the form of 

colloidal arrays. The colloidal PEGylated silicon nanoparticles display a strong PL 

emission in water and exhibit promise for a range of biomedical applications, considering 

the biocompatibility and low cytotoxicity of their components.  

3.2 Results and Discussion 

3.2.1 Synthesis and characterization of initially functionalized silicon nanoparticles 

Functionalized silicon nanoparticles were prepared by a mechanochemical synthesis 

using reactive high-energy ball milling (see Figure 3.1). Chloro-terminated and alkyne-

terminated silicon nanoparticles were directly obtained after reactive high-energy ball 
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milling of a silicon wafer with a mixture of ω-chloroalkynes or α,ω-diynes, respectively, 

in the presence of a large amount of a terminal alkyne (1-pentyne or 1-hexyne [1:4 v/v]). 

The terminal alkyne reacts with the freshly prepared silicon surface in a roughly 

statistical manner during the RHEBM and thus acts as diluents to the functional groups 

on the surface. Additionally, the use of a terminal alkyne as the principal component of 

the reactive mixture reduces the occurrence of “hairpining”, or the formation of loops, 

that would result from the reaction of both ends of the α,ω-diynes with the same surface. 

Azido terminated silicon nanoparticles were easily synthesized through the reactions of 

chloro-terminated silicon nanoparticles with NaN3 in DMF.
108b

  

 

Figure 3.1 Synthesis and initial functionalization of silicon nanoparticles  
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Figure 3.2 TEM image of ω-alkynyl-octenyl (20%)-Si nanoparticles (a) and ω-azido-

pentenyl (20%)-Si nanoparticles (b) and their corresponding particle size distribution 

histograms 
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The particle size distribution of the ω-alkynyl-octenyl (20%)-silicon nanoparticles 

(Figure 3.2a) and the ω-azido-pentenyl (20%)-silicon nanoparticles (Figure 3.2b) as 

obtained from TEM images gave average diameters of 3.3 ± 1.5 nm and 3.3 ± 1.3 nm, 

respectively. The distributions were obtained from approximately 2050 and 1200 

nanoparticles, respectively, from different parts of the TEM grid. Since the short alkyl 

chains are either indiscernible by TEM due to insufficient contrast, or have been burned 

off due from the electron beam, these values represent the silicon core alone, and not the 

shell. The uniform sizes observed when different ligands were employed suggest that the 

generation of silicon nanoparticles is both reproducible, and independent of the pendant 

functionalities on the ligands. 
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Figure 3.3 FTIR spectrum of ω-alkynyl-octenyl (20%)-Si nanoparticles 
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Figure 3.4 
1
H-NMR spectrum of ω-alkynyl-octenyl (20%)-Si nanoparticles 

The FTIR (Figure 3.3) and the 
1
H-NMR (Figure 3.4) spectra of the ω-alkynyl-

octenyl (20%)-Si nanoparticles show evidence for the terminal alkyne group in the silicon 

nanoparticle shell. The peak at 3315 cm
-1

 in the FTIR spectrum is attributed to υ(C-H) of 

the alkyne moiety whereas a weak peak at 2200 cm
-1

 is attributed to the υ(C≡C) stretch. 

Resonances in the 
1
H NMR spectrum at 2.2 ppm and 2.6 ppm are assigned to the alkyne 

functionalities, CH2-C≡C and H-C≡C, respectively. 
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Figure 3.5 FTIR spectra of ω-chloro-pentenyl (20%)-silicon nanoparticle and ω-azido-

pentenyl (20%)-Si nanoparticles 

Figure 3.5 shows the FTIR spectra of both chloro-terminated and azide-terminated 

Si nanoparticles. The spectra were normalized to the C-H stretching peaks since both 

nanoparticles have the same alkenyl chains. A strong absorbance at ~2100cm
-1

 in the 

FTIR spectrum of azide-terminated Si nanoparticles is assigned to υ(N=N=N). The O-H 

stretching peak may be due to some of the Si-H were oxidized to Si-OH during the 

reaction. The 
1
H NMR (Figure 3.6) spectra of both functionalized Si nanoparticles are 

also consistent with the presence of terminal chloro and azide groups in the ligand shell. 

The electronegative chloro and azide groups result in methylene resonances which are 

shifted downfield in the 
1
H NMR spectra, at 3.4 for the chloro-functionalized 

nanoparticles and 3.2 ppm for the azido-functionalized nanoparticles.  
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Figure 3.6 
1
H-NMR spectrum of ω-chloro-pentenyl (50%)-silicon nanoparticle and ω-

azido-pentenyl (50%)-Si nanoparticles 

All of the silicon nanoparticles show a broad, continuous UV-Vis absorption tailing 

at around 600 nm (Figure 3.7). The emission spectra of alkyne terminated and azido 

terminated Si nanoparticles were recorded with various excitation wavelengths, ranging 

from 300 to 400 nm in CH2Cl2. All the nanoparticles being studied show a strong 

emission in the range of 300 to 700 nm, consistent with the emission spectra of other 

functionalized silicon nanoparticles formed by RHEBM. The broadness of the emission 

spectra is consistent with the polydispersity of the silicon nanoparticles. 
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Figure 3.7 UV-Vis absorption and emission spectra of ω-alkyne-octenyl (20%)-Si 

nanoparticles (top) and ω-azide-pentenyl (20%)-Si nanoparticles (bottom) in CH2Cl2 
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3.2.2 PEGylated water soluble silicon nanoparticles 

 

Figure 3.8 Illustration showing the preparation of PEGylated silicon nanoparticles 

Water soluble PEGylated core-shell Si nanoparticles were obtained in a CuAAC 

“click” reaction between ω-azido-pentenyl (50%)-Si nanoparticles and mono-alkynyl 

PEG (2KDa) (see Figure 3.8). Si nanoparticles with 50% azide surface coverage were 

used in order to obtain PEGylated Si nanoparticles with maximized grafting PEGs on the 

surface. “Click” chemistry is an attractive tool for functionalizing silicon nanoparticles 

because of its high yields, modular approach, and broad functional group tolerance.
56

 The 

copper catalyzed azide-alkyne cycloaddition (CuAAC) in particular is one of the most 

efficient "click" reactions due to its high selectivity and mild reaction conditions. 
57, 59

 

        Changes in the FTIR spectra (Figure 3.9) show that both the ν(N=N=N) from the 

azide group of the silicon nanoparticles at 2100 cm
-1

 and the alkyne C-H stretch of the 

reacting PEG at 3250 cm
-1

 disappear during the course of the reaction, while a new peak 

for the triazole group of the PEGylated silicon nanoparticles appears at 3140 cm
-1

. 

Additionally, a new resonance for the triazole proton of the PEGylated silicon 

nanoparticles is also observed at 7.6 ppm in the 
1
H NMR spectrum (Figure 3.10) which is 
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consistant with the result from the FTIR spectrum. These spectral changes indicate that 

the “click” reaction of the alkyne-PEG with the azido-capped Si nanoparticles proceeded 

with high conversion. 
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Figure 3.9 FTIR spectrum of ω-azido-pentenyl (50%)-Si nanoparticles, mono-alkyated-

PEG and PEGylated silicon nanoparticle 
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Figure 3.10 
1
H NMR spectrum of PEGylated silicon nanoparticles 

A typical TEM image of the PEGylated silicon nanoparticles from a dispersion of 

the nanoparticles in water shows the contrast between the dark silicon core and light grey 

PEG shell very clearly (Figure 3.11 top). Many of the particles in the image are clearly 

isolated nanoparticles, however a number of smaller aggregates are also clearly apparent. 

The loose aggregates are likely formed through interdigitization of the PEG side chains 

since intercore distances in the aggregates range from 8-20 nm. In solution, the 

PEGylated Si nanoparticles show a distribution of hydrodynamic diameters centered at 

45 nm as measured by dynamic light scattering (DLS). This compares to an average 

hydrodynamic diameter in CH2Cl2 of 8 nm for the azido functionalized nanoparticles and 

17 nm for the initial alkyne-PEG polymer (Figure 3.11 bottom). Since the chain length of 

the all trans conformation of PEG is about 16 nm (from MM2 calculations), the observed 

hydrodynamic diameter in PEGylated silicon nanoparticles is very reasonable for a 

population of largely unaggregated nanoparticles (8nm (core) + 2 x 16 nm (shell) = 40  

nm). 
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Figure 3.11 TEM image of PEGylated silicon nanoparticles (top) and multimodal 

particle size distributions from dynamic light scattering (DLS) of ω-azido-pentenyl 

(50%)-Si nanoparticles and PEGylated silicon nanoparticles (bottom) 

The PEGylation of the nanoparticle surface improves its water solubility while 

maintaining the advantageous optoelectronic properties of the nanoparticle. Specifically, 
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the PEGylated nanoparticles demonstrate nearly identical UV-Vis absorption and PL 

emission spectra in aqueous solution (Figure 3.12) as the starting nanoparticles in CH2Cl2. 

The PEG outer shell, however, imparts sufficient water solubility to form stable 

suspensions in cellular media. Cytotoxicity studies show that the PEGylated silicon 

nanoparticles exhibit essentially no cytotoxicity for both human colonic adenocarcinoma 

Caco-2 and rat alveolar macrophage NR8383 cells. 
87
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Figure 3.12 UV-Vis absorbance and PL emission of PEGylated silicon nanoparticles in 

distilled water 
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3.2.3 PEGylated silicon nanoparticle arrays 

 

Figure 3.13 Illustration showing the preparation of a PEGylated silicon nanoparticle 

array 
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Figure 3.14 FTIR spectra of ω-azide-pentenyl (20%)-Si nanoparticles and PEGylated 

silicon nanoparticle arrays from azide terminated silicon nanoparticles and 2 KDa PEG 

(top), and FT-IR spectra of ω-alkynyl-octenyl (20%)-Si nanoparticles and PEGylated 

silicon nanoparticle arrays from alkyne terminated silicon nanoparticles and 2KDa PEG 
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Silicon nanoparticle arrays can be made within a fabric of PEG nano hydrogels 

(Figure 3.13) if difunctional PEGs are reacted with complementary multi-functional 

silicon nanoparticles. The cross-linking of the silicon nanoparticles is mediated via a 

CuAAC "click" reaction between either ω-azido-pentenyl (20%)-Si nanoparticles with α, 

ω-bis-alkynyl-PEG, or by reversing the placement of the functionalities with ω-alkynyl-

octenyl (20%)-Si nanoparticles with α, ω-bis-azido-PEG. Si nanoparticles with 20% 

azide or alkyne surface coverage were used in order to reduce the cross-linking reaction 

between the nanoparticles and difunctional PEGs. 

The FTIR spectra (Figure 3.14) show a peak from the azide group of the azide 

terminated silicon nanoparticles at 2100 cm
-1

 and a peak from the alkyne group of the 

alkyne terminated silicon nanoparticles at 3300 cm
-1

 both of which disappear after the 

"click" reaction, while the new peak for the triazole group from both of the PEGylated Si 

nanoparticles at 3140 cm
-1

 is observed.  

Figures 3.15a and 3.15b clearly show that the nanoparticle arrays from azido-

terminated silicon nanoparticles and 2 KDa bis-alkynyl-PEG are globular in shape and 

contain multiple 3 to 5 nm-sized silicon nanoparticles. The size distribution of the 

globular clusters ranges from 40 to 80 nm. The TEM images from Figure 3.15c and 3.15d 

show that the PEGylated nanoparticle arrays from alkyne-terminated silicon 

nanoparticles and 2 KDa bis-azido-PEG are globular but their boundaries are more 

irregularly shaped although they have a similar 40 to 80 nm size range. The cause of the 

differences in observed morphology, regular vs irregular edges, is uncertain but may be 

related to the mechanism of the CuAAC reaction by which the copper center undergoes 

prior coordination to an alkyne terminated silicon nanoparticle versus an alkyne 
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terminated PEG. 
124

 The hydrodynamic diameters of these two PEGylated silicon 

nanoparticle arrays are 100 nm and 120 nm, respectively, as measured by dynamic light 

scattering in CH2Cl2 (Figure 3.16). The diameters obtained from the TEM images are 

somewhat smaller than those found in solution by DLS and are likely due to the loss of 

associated solvent molecules in the sample preparation process.  

 

Figure 3.15 TEM and HRTEM image of PEGylated silicon nanoparticle arrays from 

azide terminated silicon nanoparticles with 2 KDa PEG linkers (a,b) and alkyne 

terminated silicon nanoparticles (c,d) with 2 KDa PEG linkers. 
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Figure 3.16 The size distribution of PEGylated silicon nanoparticle arrays from azide 

terminated silicon and alkyne terminated silicon nanoparticles from DLS in CH2Cl2. 
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Figure 3.17 TEM and HRTEM image of PEGylated silicon nanoparticle arrays from 

azide terminated silicon nanoparticles with 1 KDa PEG (a,b) and 4.6 KDa PEG (c,d) 

linkers 

Bis-alkynyl-PEGs of different lengths were used as linkers to probe if changing the 

linker length affected the inter-particle distance of the silicon nanoparticle arrays. Figures 

3.17a-d clearly show that the nanoparticle arrays from the reaction of azido-terminated 
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silicon nanoparticles with 1 kDa and 4.6 kDa bis-alkynyl-PEGs are globular in shape and 

consist of 3 to 5 nm sized silicon nanoparticles. The size distribution of the globular 

clusters with 1kDa and 4.6 kDa PEG linkers are in the 40 to 80 nm range and 30 to 50 nm 

range, respectively. The TEM images show the PEGylated nanoparticle arrays with 1 

kDa and 4.6 kDa PEG linkers have similar globular structures and inter-particle distances 

as the nanoparticle arrays with 2 kDa PEG linkers. However, these data are from TEM, 

which is expected to visualize the nano-arrays in their unswelled-state.  The PEGylated 

nanoparticle arrays with 4.6 kDa PEG linkers tend to be smaller and contain less silicon 

nanoparticles than the other two arrays. This may be due to the reduced reactivity of the 

end groups of the larger molecular weight PEG with the nanoparticle shell. The overall 

globular form of the nanoparticle arrays may be due to the effects of surface tension on 

the lightly cross-linked web of nanoparticle spheres. Similar structures are found for 

silicon nanoparticles which are micelle-encapsulated with PEG polymers. 
119

  

The TGA (Figure 3.18) of three silicon nanoparticle arrays with different sizes of 

PEG linkers (1K, 2K, and 4.6K) show a dramatic weight loss at approximately 500°C due 

to the rupture of the Si-C bonds and loss of the PEG chains. The final weight losses of 

74.2%, 86.8%, and 97.8% may be due to the increasing mass fraction of the PEG linkers 

in the nanoparticle arrays, or the unreacted PEG molecules inside the sample. 
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Figure 3.18 TGA of PEGylated Si nanoparticle arrays with PEG linkers of different sizes 

The size distributions of the three PEGylated silicon nanoparticle arrays with 1 KDa, 

2 KDa and 4.6 KDa PEG linkers, as measured by dynamic light scattering in toluene, 

dichloromethane and ethanol solvents are shown in Figure 3.19. The average 

hydrodynamic diameters of these three PEGylated silicon nanoparticle arrays in these 

different solvents are summarized in Table 3.1. The sizes of the arrays increase with the 

solvent polarity, which parallels the increasing compatibility of the PEG molecules in 

polar solvent. 
125

 The size of silicon nanoparticle arrays with 1 KDa, 2 KDa and 4.6 KDa 

PEG linkers increase by 28 nm, 64 nm and 76 nm, respectively, in going from toluene to 

ethanol as a solvent. The degree of swelling, similar to those of simple nano-hydrogels, 

reflects an increasing degree of internal solvent-polymer interactions which is constrained 

by the cross-linking.  As predicted, increasing the length of the PEG spacers enables a 

greater degree of swelling in polar solvents, relative to the unswollen state in non-polar 

solvents. 
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Figure 3.19 Multimodal size distribution of PEGylated silicon nanoparticle arrays from 

azide terminated silicon nanoparticles with 1 KDa PEG (a), 2 KDa PEG (b) and 4.6 KDa 

PEG (c) linkers in different solvents from DLS 

Table 3.1 Sizes distribution of PEGylated silicon nanoparticle arrays from DLS 

 Toluene Dichloromethane Ethanol 

NP arrays with 1KDa PEG linkers 117 ± 23 nm 128 ± 12 nm 145 ± 34 nm 

NP arrays with 2KDa PEG linkers 92 ± 19 nm 116 ± 9 nm 156 ± 32 nm 

NP arrays with 4.6KDa PEG linkers 111 ± 23 nm 143 ± 10 nm 187 ± 15 nm 
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Figure 3.20 UV-Vis absorption and PL emission of PEGylated silicon nanoparticle 

arrays with 1 KDa PEG (a), 2 KDa PEG (b) and 4.6 KDa PEG (c) linkers in CH2Cl2. 

Finally, the PEGylated Si nanoparticle arrays also show similar UV-Vis absorption 

and PL emission as the ungrafted Si nanoparticles in CH2Cl2 (Figure 3.20), indicating 

little perturbation of the electronic structure of the individual silicon nanoparticles by the 

nanoarray environment. 
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3.3 Conclusion 

Water soluble PEGylated silicon nanoparticles were successfully synthesized 

through the application of CuAAC “click” chemistry using azido functionalized 

nanoparticles and mono-alkynyl-PEG polymers. These nanoparticles exhibited vastly 

improved water solubility while maintaining the strong blue photoluminescence 

associated with the unmodified nanoparticles. In addition, a new class of PEGylated 

silicon nanoparticle arrays were prepared in a similar fashion, by crosslinking 

functionalized silicon nanoparticles with α,ω-bis-difunctional-PEG polymers. These 

colloidal photoluminescent nanoparticle arrays have flexible globular structures in which 

the swelling behavior may be readily tuned by controlling the length of the PEG linkers. 

The strong PL emission suggests these PEGylated silicon nanoparticle arrays may be 

used for bioimaging and labeling purposes. Additionally, the porous structure of these 

globular arrays portends the potential application in drug delivery, since the silicon 

nanoparticles are known to degrade in vivo. 
91

 The ability to simultaneously incorporate 

both the imaging and therapeutic applications within one nanodevice, as well as tune the 

swelling behavior, suggests that these materials have relevance to the rapidly growing 

field of theranostics. 

 

 

 

 



123 

 

3.4 Experimental Section 

3.4.1 Materials and methods 

All chemicals were purchased from Sigma-Aldrich or Alfa Aesar, and employed 

without further purification unless specified. Tetrahydrofuran (THF) was distilled over 

sodium-benzophenone prior to use. Dichloromethane was distilled over CaH2 before use. 

Silicon wafer (undoped, mirror finish, orientation [111]) was obtained from Silrec Corp. 

(Lexington, KY). Size exclusion chromatography (SEC) was used for the purification of 

nanoparticles. Bio-beads S-X1 were swollen overnight in dry THF and packed into a 

40cm x 1.3cm glass column. Dichloromethane was used as an elution solvent. A 

concentrated nanoparticle solution (~50mg in 1 ml CH2Cl2) was added to the top of the 

column and eluted into 3x10ml fractions collected in separate vials. The first fraction was 

collected when the first colored band began to elute. This fraction contained 

nanoparticles and was used for the synthetic reactions. The second and third fractions, 

containing mostly impurities, were discarded. 

3.4.2 Synthesis of ω-alkynyl-octenyl (20%)-Si nanoparticles 

A silicon wafer (1.0 g, 36 mmol) was placed in a stainless steel milling vial along 

with two stainless steel milling balls (diameter of 1.2 cm, weighing approximately 8.1 g). 

The vial was filled in a Vacuum Atmospherics dry box under a nitrogen atmosphere with 

4 mL (30 mmol) of 1,7-octadiyne and 16 mL (140 mmol) of 1-hexyne and then tightly 

sealed. The milling vial was placed in a SPEX 8000-D Dual Mixer/Mill, and high-energy 

ball milling was performed for 24 hours. After 24 hours of milling, the reaction mixture 

was centrifuged to remove larger particles. The solution contained alkyne-terminated 

silicon nanoparticles which were soluble in non-polar organic solvents. All of the 
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solvents were removed by vacuum distillation.The nanoparticles were redispersed in 

CH2Cl2 and purified by gel permeation chromatography (GPC) using Bio-beads S-X1 

beads. Yield: 50-70 mg. 
1
H-NMR (δ, 300 MHz, CD2Cl2): 2.5 (broad), 2.2 (broad), 2.0-0.5 

(multiple broad peaks). FTIR (thin film on KBr plate): 3300 cm
-1

 (ν (≡C-H)), 2820-2990 

cm
-1

 (ν (C-H)), 2100 cm
-1

 (ν (Si-H)), 1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ (C-

H)), 1250 cm
-1

 (δ (Si-C)), 1190-850 cm
-1

 (ν (Si-O)), 830 cm
-1

 (ν (Si-CH2)). UV-vis 

Absorption (in CH2Cl2): Single absorption with a tail up to 600 nm. PL emission (in 

CH2Cl2): 350-700 nm emission peaks by changing excitation wavelength from 300-400 

nm. 

3.4.3 Synthesis of ω-azido-pentenyl (20%)-Si nanoparticles and ω-azido-pentenyl 

(50%)-Si nanoparticles 

A silicon wafer (1.0g, 36 mmol)) was ball milled for 24 h with a mixture of 4.0 mL 

(38 mmol) 5-chloro-1-pentyne and 16 mL 1-pentyne (160 mmol) for a 20% 

functionalized surface (or 10. mL (94 mmol) 5-chloro-1-pentyne and 10. mL (100 mmol) 

1-pentyne for a 50% functionalized surface) to yield the chloro-terminated silicon 

nanoparticles. Sodium azide (0.30 g, 4.6 mmol) was added to a solution of 50 mg chloro-

terminated silicon nanoparticles in 20 mL of dry dimethylformamide (DMF). The 

solution was stirred at 65℃ overnight under nitrogen atmosphere. DMF was removed by 

vacuum distillation and dry THF was added. The mixture was centrifuged to remove 

NaCl and unreacted NaN3. The solution contained azide-terminated silicon nanoparticles 

which were soluble in THF. The solvent was removed by rotary evaporator. The 

nanoparticles were redispersed in CH2Cl2 and purified by GPC. Yield: 40-60 mg. 

1
HNMR (δ, 300 MHz, CD2Cl2): 3.25 (s), 2.0-0.5 (m, broad). UV-vis Absorption (in 
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CH2Cl2): Single absorption with a tail up to 600 nm. PL emission (in CH2Cl2): 350-700 

nm emission peaks by changing excitation wavelength from 300-400 nm. FTIR (thin film 

on KBr): 2820-2990 cm
-1

 (ν (C-H)), 2100 cm
-1

 (ν (N=N=N)), 1500-1750 cm
-1

 (ν (C=C)), 

1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (δ (Si-CH2)), 1190-850 cm
-1

 (ν (Si-O)), 830 cm
-1

 (ν 

(Si-C)). Safety note: Large scale reactions of azide are prone to dangerous exothermic 

reactions. The use of chlorinated solvents in the presence of sodium azide must be 

avoided, as the byproducts may be highly explosive. 

3.4.4 Synthesis of functionalized PEG polymers 

        All the functionalized PEG polymers were synthesized and well characterized by Dr. 

Grayson’s group.
69

 

3.4.5 Synthesis of PEGylated water soluble silicon nanoparticles 

ω-Azido-pentenyl (50%)-Si nanoparticles (35 mg) and mono-alkynyl-PEG (20. mg, 

10. µmol) were dissolved in 15 mL of THF. Cu(I) bromide (10. mg, 48 µmol) was added 

into the reaction mixture. The solution was stirred at room temperature overnight under 

nitrogen atmosphere. After removal of THF by vacuum distillation 20 mL of 

dichloromethane and 1 mL of ethylenediamine were added. The solution was 

subsequently washed three times with a saturated brine solution. The PEGylated silicon 

nanoparticles were purified by GPC to removed unreacted silicon nanoparticles and 

excess PEG. The yield was 47 mg. 
1
HNMR (δ, 300 MHz, CD2Cl2): 7.6 (weak broad peak, 

triazole proton), 4.1-3.2 (multiple, all PEG methylene protons), 2.5-0.4 (multiple broad 

peaks, alkyl protons on the surface of silicon nanoparticle). FTIR (thin film on KBr): 

3150 cm
-1

 (ν (=C-H) on triazole ring), 2820-2990 cm
-1

 (ν (C-H)), 1500-1750 cm
-1

 (ν 

(C=C)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (δ (Si-C H2)), 1100 cm
-1

 (ν (C-O)), 1190-
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850 cm
-1

 (ν (Si-O)), 830 cm
-1

 (ν (Si-C)). UV-vis Absorption (in water): Single absorption 

with a tail up to 600 nm. PL emission (in water): 350-700 nm emission peaks by 

changing excitation wavelength from 300-400 nm. 

3.4.6 Synthesis of silicon nanoparticle arrays 

Silicon nanoparticles (20% alkyne or azide terminated, 20. mg) and 7.5 µmol of the 

bifunctional PEG (with complementary azido or alkynyl groups) were added to 15 mL of 

THF. Cu(I) bromide (10 mg, 48 µmol) was added into the reaction mixture. The solution 

was stirred at room temperature overnight under a nitrogen atmosphere. The THF was 

removed by vacuum distillation and 20 mL dichloromethane and 1 mL ethylenediamine 

were added. The solution was washed three times with a saturated brine solution. The 

silicon nanoparticle arrays were purified by GPC to removed unreacted silicon 

nanoparticles and PEG. The yield of PEGylated silicon nanoparticle arrays from azide 

terminated silicon nanoparticles with 1 kDa PEG, 2 kDa PEG and 4.6 kDa PEG linkers 

were 22 mg, 28 mg and 19 mg, respectively; and the yield of PEGylated silicon 

nanoparticle arrays from alkyne terminated silicon nanoparticles with 2 kDa PEG linkers 

was 23 mg.  

3.4.7 Analytical methods 

3.4.7.1 NMR sample preparation and acquisition 

NMR samples were prepared by vacuum drying ~1.5 mL of the silicon nanoparticle 

solution, adding 0.8 mL of the preferred deuterated solvent, and then transferring the 

solution to a 5 mm NMR tube. 
1
H-NMR measurements were performed on a Bruker 

Avance 300 spectrometer equipped with a 5 mm BBO probe. 
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3.4.7.2 Infrared spectroscopy 

FTIR spectra were recorded at 1 cm
-1

 resolution with 1000 scans on a Thermo 

Nicolet NEXUS 670 FTIR instrument. Samples were prepared as a thin film of 

passivated silicon nanoparticles prepared by depositing dichloromethane solution of 

silicon nanoparticles on a KBr plate. The FT-IR sample chamber was purged with dry 

nitrogen before collecting any data. 

3.4.7.3 UV-vis absorption and photoluminescence spectroscopy 

UV-Vis absorption spectra were recorded in a quartz cuvette (1cm), using a Cary 50 

spectrophotometer and were corrected for the solvent absorption. The scan range was 

200-800 nm with a 300 nm min
-1

 scan rate. Excitation-emission spectra were recorded in 

a quartz cuvette (1cm), using a Varian Cary Eclipse spectrofluorometer with a scan rate 

of 120 nm min
-1

. 

3.4.7.4 Transmission electron microscopy 

High-resolution transmission electron microscopy (TEM) studies were performed 

with a JEOL 2011 TEM using an accelerating voltage of 200 kV or a Tecnai G2 TEM 

using an accelerating voltage of 300 kV. The EDX data were obtained in the TEM using 

an Oxford Inca or Bruker attachment, using a 3nm beam spot. TEM samples were 

prepared by dropping a sonicated diluted solution of silicon naoparticles in toluene onto a 

carbon-coated 400 mesh carbon coated copper grid which placed on a filter paper. The 

filter paper soaked up the excess solution before inserting in grid in the TEM sample 

holder. 
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3.4.7.5 Dynamic light scattering 

Dynamic light scattering (DLS) experiments were performed with a Brookhaven 

90Plus particle size analyzer (90°,  = 660 nm) at room temperature, using toluene, 

dichloromethane, and ethanol as solvents. The DLS measurements provided the intensity 

average based diameter of the particles (Dh), related, through Stokes Einstein equation, to 

the diffusion coefficient derived from intensity autocorrelation functions, 
126

 expanded in 

terms of cumulates. 
127

  

3.4.7.6 Thermogravimetric Analysis 

        Thermogravimetric analysis (TGA) experiments were performed on a TA 

Instruments Hi-Res TGA2950 Thermogravimetric Analyzer. The samples (5-10 mg) 

were put in aluminum pans and then tested under flowing nitrogen atmosphere at a 

heating rate of 10 
o
C/min from room termperature to 600 

o
C. 
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Chapter 4: Energy and electron transfer in silicon nanoparticle-based 

light-harvesting complexes 

4.1 Introduction 

        The development of efficient, low-cost organic solar cells is one of the most 

attractive strategies for the conversion and storage of solar energy.
128

 In the past several 

years, many studies have focused on artificial photosynthesis to construct efficient solar 

cells which mimic the natural photosynthesis system.
129

 In natural systems, the light 

absorption and energy transfer to photosynthetic reaction centers are utilized by many 

photosynthetic light-harvesting complexes, which have stimulated people to design and 

build artificial photosynthetic antennas.
130

 Porphyrins are one of the most popular 

chromophores for light-harvesting complexes due to their higher stability and ease of 

synthesis as compared to natural chlorophylls; their ability to strongly absorb in the 

visible region; and their ease of functionalization which allows for fine tuning of optical, 

physical, electrochemical and photovoltaic properties.
131

 Therefore, multiporphyrin 

arrays have been frequently synthesized via numerous approaches to study the light-

harvesting and energy/electron transfer processes.
132

  

        Imahori et al. have reported various nanoparticles including metal nanoparticles,
133

 

silica nanoparticles
134

 and CdSe nanoparticles
131a

 as nanoscaffolds to organize porphyrins 

into multiporphyrin arrays. However, energy transfer quenching in metal nanoparticles by 

the metal surface limits the power conversion efficiency of the system,
133a

 while the silica 

nanoparticles exhibit no light-harvesting properties.
131a

 Moreover, the expense and 

toxicity of the CdSe nanoparticles limit their application as photosynthetic materials.  
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        Silicon nanoparticles which have size dependent optical and electronic properties
75

 

and stability against photo-bleaching
17, 22b, 27

 have been considered as attractive 

alternatives for organic dyes and have shown great potential  in photovoltaic applications. 

Additionally, several studies have been reported that the lifetime of the electronically 

excited-state of silicon nanoparticles can be on the order of nanoseconds which make 

them feasible for the energy transfer studies.
17, 27

 However, unlike CdSe nanoparticles, 

reports on energy transfer between silicon nanoparticles and energy acceptors are 

limited.
17, 135 

 

        In this study, silicon nanoparticles are used as nanoscaffolds for organizing the 

porphyrins to form light-harvesting complexes thereby enhancing the light absorption of 

the system. In particular, various multiple Zn-porphyrin functionalized silicon 

nanoparticles were synthesized via azide-alkyne “click” reactions between azide-

terminated silicon nanoparticles and 5-(4-(prop-2-yn-1-yloxy))-phenyl-10,15,20- 

triphenyl-zincporphyrin. 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 C60 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. 
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4.2 Results and Discussion 

4.2.1 Synthesis and characterization of initially functionalized silicon nanoparticles 

 

Figure 4.1 Synthesis of various azide-terminated silicon nanoparticles 

        Haloalkyl-terminated silicon nanoparticles with three different chain lengths were 

synthesized by reactive high energy ball milling (RHEBM) of a silicon wafer with a 

mixture of 1-pentyne with either 5-chloro-1-pentyne, 7-bromo-1-heptene or 11-bromo-1- 

undecene, respectively. The 1-pentyne can act as a diluent to the functional groups on the 

surface and roughly control the surface coverage of these functional groups. Azidoalkyl-

terminated silicon nanoparticles were easily obtained through the reactions of haloalkyl-

terminated silicon nanoparticles and NaN3 in DMF (Figure 4.1).  
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4.2.1.1 Synthesis and characterization of ω-azidopentenyl Si nanoparticles 

        The synthesis and characterization of ω-azidopentenyl silicon nanoparticles (Si-C5-

N3 NPs) have been discussed in Chapter 3. 

4.2.1.2 Synthesis and characterization of ω-azidoheptyl Si nanoparticles 

The ω-bromoheptyl silicon nanoparticles were directly obtained from reactive high-

energy ball milling of a silicon wafer with a mixture of 7-bromo-1-heptene and 1-pentyne 

(1:2 v/v). The ω-azidoheptyl silicon nanoparticles (Si-C7-N3 NPs) were easily 

synthesized through the reactions of ω-bromoheptyl silicon nanoparticles with NaN3 in 

DMF.  

The ω-bromoheptyl silicon nanoparticles and ω-azidoheptyl silicon nanoparticles 

show similar FTIR and 
1
H NMR spectra as the ω-chloropentenyl silicon nanoparticles 

and ω-azidopentenyl silicon nanoparticles. The FTIR (Figure 4.2, normalized to the C-H 

stretching peaks) and the 
1
H NMR (Figure 4.3) spectra of both bromo-terminated and 

azide-terminated silicon nanoparticles are consistent with the presence of terminal bromo 

and azide groups in the ligand shell. The electronegative bromo and azide groups result in 

methylene resonances which are shifted downfield in the 
1
H NMR spectra, at 3.4 for the 

bromo-functionalized nanoparticles and 3.2 ppm for the azido-functionalized 

nanoparticles. In addition, a strong absorbance at ~2100cm
-1

 in the FTIR spectrum is 

assigned to υ(N=N=N) on the azidoalkyl terminated silicon nanoparticles. 
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Figure 4.2 FTIR of ω-bromoheptyl Si nanoparticles and ω-azidoheptyl Si nanoparticles 
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Figure 4.3 
1
H-NMR of ω-bromoheptyl Si nanoparticles and ω-azidoheptyl Si 

nanoparticles in CD2Cl2 
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Figure 4.4 UV-Vis absorption and emission spectra of ω-azidoheptyl Si nanoparticles in 

CH2Cl2 

        Similarly, the ω-azidoheptyl silicon nanoparticles show a broad, continuous UV-Vis 

absorption tailing at around 550 nm (Figure 4.4). The emission spectra of azido 

terminated silicon nanoparticles were recorded with various excitation wavelengths, 

ranging from 300 to 400 nm in CH2Cl2. The nanoparticles show a strong emission in the 

range of 300 to 700 nm similar to other functionalized silicon nanoparticles formed by 

RHEBM. 

4.2.1.3 Synthesis of 11-bromo-1-undecene 

 

Scheme 4.1 Synthesis of 11-bromo-1-undecene 
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11-bromo-1-undecene was synthesized using a substitution reaction between 10-

undecen-1-ol and phosphorus tribromide in hexane. The resulting bromide was used as a 

ligand to obtain the ω-bromoundecyl silicon nanoparticles (Scheme 4.1).  

Figure 4.5 shows the 
1
H-NMR spectrum of the 11-bromo-1-undecene. The intense 

peak at 1.3 ppm is assigned to protons on the –CH2 groups on the alkyl chain, while the 

peaks at 1.8 ppm and 3.5 ppm are assigned to the protons on the –CH2-CH2-Br group. 

Resonances at 2.2 ppm, 4.9 ppm and 5.8 ppm are assigned to the CH2-C=C, CH2=C- and 

C=CH- respectively.   

 

Figure 4.5 
1
H-NMR spectrum of 11-bromo-1-undecene in CD2Cl2 

Furthermore, the GC-MS spectrum further confirms the formation and purity (95%) 

of the 11-bromo-1-undecene (Figure 4.5). 
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Figure 4.6 GC-MS spectrum of 11-bromo-1-undecene 
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4.2.1.4 Synthesis and characterization of ω-azidoundecyl Si nanoparticles 

Similar to the ω-bromoheptyl silicon nanoparticles, the ω-bromoundecyl silicon 

nanoparticles were directly obtained from reactive high-energy ball milling of a silicon 

wafer with a mixture of 11-bromo-1-undecene and 1-pentyne (1:2 v/v). The ω-

azidoundecyl silicon nanoparticles (Si-C11-N3 NPs) were also synthesized through the 

reactions of ω-bromoundecyl silicon nanoparticles with NaN3 in DMF.  
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Figure 4.7 FTIR of ω-bromoundecyl Si nanoparticles and ω-azido-undecyl Si 

nanoparticles 
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Figure 4.8 
1
H-NMR of ω-bromoundecyl Si nanoparticles and ω-azidoundecyl Si 

nanoparticles in CD2Cl2 

The FTIR (Figure 4.7) and the 
1
H NMR (Figure 4.8) spectra of both ω-

bromoundecyl silicon nanoparticles and ω-azidoundecyl silicon nanoparticles support the 

presence of terminal bromo and azide groups on the nanoparticles. The resonance at 

3.4ppm is assigned to CH2-Br on bromo-functionalized nanoparticles, while the 

resonance at 3.2 ppm is assigned to CH2-N3 on azido-functionalized nanoparticles. 

Similarly, a strong absorbance at ~2100cm
-1

 in the FTIR spectrum is due to υ(N=N=N) 

on the ω-azidoundecyl silicon nanoparticles. 



139 

 

300 350 400 450 500 550 600 650 700

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength/nm

 UV-Vis

 300 nm

 320 nm

 340 nm

 360 nm

 380 nm

 400 nm

A
b

s

In
te

n
s
it
y
/a

.u
.

0

40

80

120

160

200

 

 

 

Figure 4.9 UV-Vis absorption and emission spectra of ω-azidoundecyl Si nanoparticles 

in CH2Cl2 

The ω-azidoundecyl silicon nanoparticles show a broad, continuous UV-Vis 

absorption tailing at around 650 nm,  and a strong emission in the range of 300 to 700 nm 

with various excitation wavelengths ranging from 300 to 400 nm in CH2Cl2 (Figure 4.9). 

4.2.2 The donor-acceptor ratio dependence of energy transfer efficiency  

        The UV-Vis absorption and emission of the individual porphyrin and silicon 

nanoparticles were compared to study their possibility to be an energy donor-accepter 

pair. The UV-Vis absorption spectrum of Zn-porphyrin in CH2Cl2 is showed in Figure 

4.10 (black line). The intense band at 420 nm is the Soret band which encompasses the 

ligand-centred π→π* transition.
136

 Two lower energy absorption bands between 530-600 
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nm are the Q band absorptions. All of these absorption bands of the Zn-porphyrin overlap 

with the fluorescent emission of azide-terminated silicon nanoparticles (Figure 4.10, blue 

line), indicating the possibility of energy transfer from silicon nanoparticles to the Zn-

porphyrin. Furthermore, the emission spectrum of Zn-porphyrin (Figure 4.10, red line) 

displays two intense emission bands centered at 600 nm and 645 nm, and these emission 

peaks are largely separated from the blue emission of silicon nanoparticles. 
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Figure 4.10 Emission of ω-azidopentenyl (20%) Si nanoparticles in CH2Cl2; absorption 

and emission of Zn-porphyrin (λexc=355 nm)  

        The Zn-porphyrin was attached to Si-C5-N3 NPs using a CuAAC “click” reaction to 

obtain the silicon-pentenyl-porphyrin system (Si-C5-Por) (Figure 4.11). 
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Figure 4.11 Synthesis of silicon nanoparticle-porphyrin system 
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Figure 4.12 FTIR of ω-azidopentenyl Si nanoparticles with different azide group surface 

coverage 

In order to tune the donor-acceptor ratio in the Si-C5-Por system, Si-C5-N3 NPs with 

different azide group surface coverages were prepared. Figure 4.12 shows the FTIR 

spectra of the Si-C5-N3 NPs with nominal 5%, 20%, 35% and 50% azide group surface 

coverage. The relative increase of the υ(N=N=N) stretching peaks at 2100 cm
-1

 reflects 
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the increasing coverage of the terminal azide group on the silicon nanoparticles with 

increasing the ratio of the 5-chloro-1-pentyne in the starting ligand mixture. 
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Figure 4.13 FTIR of Zn-porphyrin, azido-terminated Si nanoparticles and Zn-porphyrin 

functionalized Si nanoparticles. 

The synthesis of the Si-C5-Por is indicated by the FTIR spectra (Figure 4.13). 

Changes in the FTIR spectra show that both the ν(N=N=N) from the azide group of the 

silicon nanoparticles at 2100 cm
-1

 and the alkyne C-H stretching of the reacting Zn-

porphyrin at 3250 cm
-1

 disappear during the course of the reaction. 

        The grafting of the Zn-porphyrin to the silicon nanoparticles was further supported 

by the 
1
H-NMR spectra (Figure 4.14). The Si-C5-Por a, b, c and d correspond to 

nanoparticles with nominal 5%, 20%, 35% and 50% azide group surface coverage, 
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respectively. All of the 
1
H-NMR spectra consist of the peaks from both the organic 

ligands on the silicon nanoparticles and the attached Zn-porphyrin. The actual surface 

coverage of porphyrin on the silicon nanoparticles for the four Si-C5-Por systems can be 

obtained from 
1
H-NMR spectra (Figure 4.14) by comparing the ratio of β-H on the 

porphyrin and the protons on the –CH3 groups on the silicon nanoparticles, which is 1.2%, 

2.7%, 3.4 % and 6.5%, respectively. The actual porphyrin surface coverage indicates that 

the reaction efficiency between the azide groups on the silicon nanoparticle and the 

porphyrin decreases with increasing the azide surface coverage, probably due to the steric 

hindrance on the nanoparticle surface. The number of porphyrins on each nanoparticle 

can also be estimated based on a model of silicon nanoparticles (see Section 4.5), which 

assumes the silicon nanoparticle has a spherical shape with diameter of 3.2 nm, and that 

the entire surface of the nanoparticle is covered by the organic ligands. Based on two 

bonding types between the silicon surface and organic ligands (one Si atom per ligand on 

Si (111) surface or two Si atoms per ligand on Si (100) surface), the number of porphyrin 

on each silicon nanoparticle for the four systems is 2.0, 4.6, 5.7, 10.9 for all 

cycloadditions (two Si atoms per ligand), and 4.0, 9.2, 11.4, 21.8 for all single point 

attachments (one Si atom per ligand). 
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Figure 4.14 
1
H-NMR of Zn-porphyrin functionalized Si nanoparticles with different 

donor-acceptor ratios in CD2Cl2. 
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Figure 4.15 The absorption spectra of Zn-porphyrin and Si-C5-N3 NPs without and with 

different ratio of Zn-porphyrin attached in CH2Cl2 (Insert is the zooming range of 530-

620 nm) 

        The absorption spectra of all of the Zn-porphyrin functionalized silicon 

nanoparticles exhibit an additive absorption of both silicon nanoparticles and the Zn-

porphyrin (Figure 4.15). There is no additional absorption band formed, which indicates 

no strong ground-state interaction between silicon nanoparticle and the attached Zn-

porphyrin. When the absorption maxima at 420 nm which is from Zn-porphyrin were 

normalized as 1, the absorptions below 380 nm due to the silicon nanoparticles decrease 

with increasing ratio of attached Zn-porphyrin. 
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Figure 4.16 The emission spectrum of Zn-porphyrin, and the emission spectra of Si-C5-

N3 NPs without and with different ratio of Zn-porphyrin attached in CH2Cl2 (λexc=355 

nm). The emissions are normalized by absorption at 355 nm 

The emission spectra (λexc=355 nm) of all the Zn-porphyrin functionalized silicon 

nanoparticles consist of two distinct regions: one in the blue (370 nm to 570 nm) and one 

in the red (570 nm to 750 nm) (Figure 4.16). Since the Zn-porphyrin has a negligible 

fluorescent emission when it is excited at 355 nm (Figure 4.16 orange line), the emission 

spectra of Zn-porphyrin attached silicon nanoparticles accurately represents both the 

emission from the directly excited silicon nanoparticles and the emission from the 

indirectly excited Zn-porphyrin. In addition, as shown in Figure 4.16, the relative 

fluorescent emission intensity in the blue region from the silicon nanoparticles is 

significantly decreased compared with the ungrafted silicon nanoparticles. Also, a dip 
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around 420 nm in the blue region emission was observed, which corresponds to the Soret 

absorption band of the Zn-porphyrin. Furthermore, the relative fluorescent emission 

intensity in the red region is from the Zn-porphyirn and increases when the ratio of 

acceptor-donor is higher. These behaviors provide the first indication that the energy 

transfers from the excited silicon nanoparticles to the attached Zn-porphyrin and also 

indicates that there is more energy transfer from the silicon nanoparticle to porphyrin 

acceptors when the number of the Zn-porphyrin on each nanoparticle increases. 
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Figure 4.17 Time-resolved emission spectra of Si-C5-Por d (6.5%) in CH2Cl2 at λexc=355 

nm 

Time-resolved emission spectra of Si-C5-Por d (6.5%) were measured in CH2Cl2 at 

λexc=355 nm (Figure 4.17) in order to achieve further insight into photodynamics of the 

system. As the silicon nanoparticle emission at 450 nm decays quickly in about 100 ps, 

the Zn-porphyrin emission at 610 nm initially rises and then decays slowly, which clearly 

shows that energy transfer occurs within the system.  
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Figure 4.18 The fluorescence decay curves of Si-C5-N3 NPs without and with different 

ratio of Zn-porphyrin attached in CH2Cl2 (λexc=355 nm, λem=450 nm) 

The excited state lifetime of the donor decreases in the presence of acceptor,
137

 so 

the occurrence of the energy transfer processes in silicon nanoparticle-porphyrin systems 

have been further confirmed by comparing the excited state lifetimes of the azide-

terminated silicon nanoparticles with and without Zn-porphyrin attached (Figure 4.18). 

All the fluorescence decays were fitted with a stretched exponential function, which is a 

useful model to fit the fluorescence decay of complex samples with a continuous 

distribution of fluorescence lifetimes.
138

 The mean lifetimes and the mean lifetime-

derived efficiency for four systems are shown in the Table 4.1. The mean lifetime of the 

Si-C5-N3 without the attached Zn-porphyrin is 1.72(3) ns. Upon the attachment of the Zn-

porphyrin acceptor, the energy donor lifetimes become shorter, which proving again the 

occurrence of the energy transfer in this system. With 3.1% surface coverage of 
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porphyrin acceptors, the mean lifetime of the donor decreases to 1.37(3) ns in Si-C5-Por a. 

Upon increasing the number of acceptor on the nanoparticle surface, the mean lifetime of 

the donor decrease, indicates that the energy transfers from the silicon nanoparticle to the 

Zn-porphyrin more efficiently. 

        Energy transfer efficiencies can be calculated using the following equation,
139 

where 

τDA and τD are the emission lifetimes of silicon nanoparticles with and without the 

attached Zn-porphyrin. 

1lifetime DA
T

D

E



             (1) 

For the four Zn-porphyrin functionalized silicon nanoparticle systems, the lifetime-

derived energy transfer efficiencies are 0.20, 0.28, 0.33 and 0.52, respectively (Table 4.1), 

which corresponds with increasing the number of the attached Zn-porphyrin. The 

maximum energy transfer efficiency of the silicon nanoparticle-porphyrin system is 

higher than that of the multiporphyrin-modified CdSe nanoparticles (33%) developed by 

Imahori,
131a

 and similar as the energy transfer efficiency of the Ru-polypyridine modified 

silicon nanoparticles (55%) developed by Zuilhof.
140
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Table 4.1: Summary data of Si-pentenyl-azide NPs without and with different ratio 

of attached Zn-porphyrin 

Systems 
Average surface 

coverage of porphyrin 

Emission 

lifetime 

lifetime

TE  

Si-pentenyl-azide NPs -- 1.72(3) ns 0 

Si-C5-Por a 1.2% 1.37(3) ns 0.20 

Si-C5-Por b 2.7% 1.24(3) ns 0.28 

Si-C5-Por c 3.4% 1.15(1) ns 0.33 

Si-C5-Por d 6.5% 0.83(2) ns 0.52 

 

4.2.3 The distance dependence of energy transfer efficiency 

The distance dependence of the energy transfer efficiency in the silicon 

nanoparticle-porphyrin system was investigated using three different linkers to modulate 

the distance between the Zn-porphyrin dye and the silicon core (Figure 4.1).The three 

silicon-porphyrin composites examined include silicon-pentenyl-porphyrin (Si-C5-Por), 

silicon-heptyl-porphyrin (Si-C7-Por) and silicon-undecyl-porphyrin (Si-C11-Por). The 

ratio of donor to acceptor was held to a comparable value to exclude the possibility of 

changing energy transfer efficiency due to the different donor-acceptor ratios. The actual 

surface coverage of the porphyrin on the silicon nanoparticles for these three different 

systems (Table 4.2) was also determined by 
1
H-NMR spectra (Figure 4.19), which is 
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4.0%, 4.3% and 3.4%, respectively. The number of porphyrin on each nanoparticle for 

the three systems was also estimated based on a model of silicon nanoparticles (see 

section 4.5), which is 6.7, 7.2, 5.7 for all cycloadditions (two Si atoms per ligand), and 

13.4, 14.4, 11.4 for all single point attachments (one Si atom per ligand). 

 

Figure 4.19. 
1
H-NMR of Zn-porphyrin functionalized Si nanoparticles with different 

donor-acceptor distance in CD2Cl2. 
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Figure 4.20 The absorption spectra of Si-C5-N3 NPs, Si-C7-N3 NPs and Si-C11-N3 NPs 

with attached Zn-porphyrin in CH2Cl2 

Si-C7-Por and Si-C11-Por show similar UV-Vis absorption as the Si-C5-Por, 

displaying the absorption of the silicon nanoparticle and the attached Zn-porphyrin 

(Figure 4.20). When the absorptions from Zn-porphyrin at 420 nm are normalized as 1, 

the absorptions from silicon nanoparticles of three systems are almost the same, due to 

the similar donor-acceptor ratio in these systems. 

        The emission spectra of three silicon nanoparticle-porphyrin systems all consist of 

blue (370 nm to 570 nm) and red regions (570 nm to 750 nm), representing the sum of 

both silicon nanoparticles and Zn-porphyrin emissions (Figure 4.21). As shown clearly in 

Figure 4.22, the emissions of the azide-terminated silicon nanoparticles around 450 nm 

are quenched when the Zn-porphyrin was attached to the silicon nanoparticle. This 

provides the indication that the energy transfer occurs in all three systems. 
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Figure 4.21 The emission spectra of (a) Si-C5-N3 NPs, (b) Si-C7-N3 NPs and (c) Si-C11-

N3 NPs with attached Zn-porphyrin in CH2Cl2 (λexc=355 nm). The emissions are 

normalized by absorption at 355 nm 

The excited state lifetimes of the azide-terminated silicon nanoparticles with and 

without the Zn-porphyrin attached have been compared (Figure 4.22). After fitting the 

fluorescence decays with stretched exponential function, the mean lifetimes of 

distribution are shown in Table 4.2, as well as the mean lifetime-derived efficiency and 

energy transfer rate. The mean lifetime of all azide terminated silicon nanoparticles are in 

the range of 1.72~1.78 ns. The energy donor (silicon nanoparticle) lifetimes become 

shorter when the Zn-porphyrin acceptor is attached. In Si-C11-Por, with the longest linker, 

the mean lifetime of the donor decreased to 1.45(4) ns. Upon decreasing the distance 

a b 

c 
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between the silicon core and the Zn-porphyrin, the mean lifetime of the donor increases, 

indicating an increase of energy transfer efficiency. In addition, the experimental energy 

transfer rate of these three silicon nanoparticle-porphyrin systems can be calculated from 

the following equation:
141

 

1 1
ET

DA D

k
 

   (2) 

where τD = the lifetime of the donor in the absence of the acceptor, and τDA = the lifetime 

of the donor in the presence of the acceptor. The experimental energy transfer rates for 

Si-C5-Por, Si-C7-Por and Si-C11-Por are 5.7×10
8
, 3.8×10

8
 and 1.3×10

8
 s

-1
, respectively. 
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Figure 4.22 The fluorescence decay curves of (a) Si-C5-N3 NPs, (b) Si-C7-N3 NPs and (c) 

Si-C11-N3 NPs with attached Zn-porphyrin in CH2Cl2 (λexc=355 nm, λem=450 nm) 

a b 

c 
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Table 4.2: Summary data of Si nanoparticle-porphyrin systems without and with 

attached Zn-porphyrin 

Systems 
Average surface 

coverage of 

porphyrin 

D  DA  lifetime

TE  
ET (exp.) 

ET (theo.) 

Si-C5-Por 4.0% 1.72(3) ns 0.87(4) ns 0.49 5.7×108 s-1 3.9×108 s-1 

Si-C7-Por 4.3% 1.73(2) ns 1.04(5) ns 0.40 3.8×108 s-1 2.7×108 s-1 

Si-C11-Por 3.4% 1.78(4) ns 1.45(4) ns 0.19 1.3×108 s-1 1.4×108 s-1 

 

        There are two typical mechanisms that can describe energy transfer between two 

chromophores, the Forster resonance energy transfer (FRET)
142

 and the Dexter energy 

transfer.
143

 The FRET describes a model that the energy released from an excited donor 

could simultaneously excite the ground-state acceptor based on the nonradiative dipole-

dipole coupling between these two chemical groups, while the Dexter energy transfer 

describes another mechanism that an excited donor group and an acceptor group might 

indeed exchange electrons to accomplish the nonradiative process. The efficiency of the 

Forster resonance energy transfers is inversely proportional to the sixth power of the 

distance between donor and acceptor, while the efficiency of the Dexter energy transfer 

has an exponential distance dependence, making them extremely sensitive to small 

changes in distance.
144

 Moreover, the exchange mechanism of the Dexter energy transfer 

typically occurs within 1 nm, while the distance between the donor and the acceptor in a 
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FRET system is typically in the range of 1-10 nm.
145

 Considering the distance of donor-

acceptor in the silicon nanoparticle-porphyrin system is in the range of 1-10 nm, the 

energy transfer process in the silicon nanoparticle-porphyrin system should follow the 

Forster-type mechanism. The distances between the silicon nanoparticle core and the Zn-

porphyrin center is fixed based on the mean size of the silicon nanoparticles (3.2±1.3 nm), 

and the chain length of the linker, then the Forster energy transfer rate can be calculated 

from the standard Forster equations: 

6

01
ET
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R
k

R

 
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  and
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

      (3) 

where τD = the lifetime of the donor in the absence of the acceptor, R = the separation 

distance between the donor and acceptor, R0 = the Forster critical distance, κ
2
 = the 

orientation factor which is 2/3, NAV = Avogadro’s number, n = refractive index of the 

solvent, ФD = the quantum yield of the donor, FD(λ) = the normalized donor emission 

spectrum, and εA(λ) = the molar extinction coefficient of the acceptor. 

    4

0

D AF d    


 =the degree of spectral overlap between the donor emission and the 

acceptor absorption.
139

 The overlap integral is calculated from the absorption and 

emission in Figure 4.10 and 4.21. Since some of the quantities in equation 3 have 

uncertainties, the calculated value of R0 is a rough estimate based on the distance from 

the center of silicon nanoparticle to the center of Zn-porphyrin, which is around 30Å. So, 

considering the silicon nanoparticle as a single chromophore, the donor-acceptor distance 

R can be estimated based on the distance between the center of the silicon nanoparticle 
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and the Zn atom in Zn-porphyrin (the diameter of silicon core is 32Å, the length of each 

carbon carbon bond is around 1 Å). The Forster energy transfer rates for Si-C5-Por, Si-

C7-Por and Si-C11-Por are estimated to be 3.9×10
8
, 2.7×10

8 
and 1.4×10

8
 s

-1
, respectively. 

The results are comparable with the experimental energy transfer rates, which supported 

that the energy transfer process inside the silicon nanoparticle-porphyrin systems 

followed the Forster-type mechanism. 

4.2.4 Photoinduced electron transfer in Si nanoparticle-porphyrin-fullerene 

nanocluster 

 

Figure 4.23 Illustration of the organization of Si nanoparticle-porphyrin-fullerene 

nanocluster 

Transforming light energy into charge separation is an essential step for solar energy 

conversion.
146

 An electron acceptor can be introduced into the porphyrin-silicon 

nanoparticle hybrid system in order to obtain an electron donor-acceptor complex to 

effect charge separation. Jayawickramarajah reported that bis(porphyrin) tweezers can 

bind with fullerenes to form a sandwich structure via a π-π interaction.
147

 The 

prototypical fullerene, C60 was therefore added to Zn-porphyrin-silicon nanoparticles as 
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an electron acceptor to obtain the silicon nanoparticle-porphyrin-fullerene nanocluster (Si 

NP-Por-C60).  

Si NP-Por-C60 was obtained by titrating the toluene solution of C60 into the Zn-

porphyrin-Si nanoparticle hybrid system with a toluene/acetonitrile (1:1) solvent mixture 

which can significantly increase the magnitude of host-fullerene interactions due to the 

strong lyophobic interaction between the porphyrin and C60 molecules in the mixed 

solvent.
134a, 147

 Figure 4.23 illustrates the possible organization of Si NP-Por-C60 

nanocluster. 

Figure 4.24 shows the UV-Vis absorption spectra of the Zn-porphyrin functionalized 

silicon nanoparticles and pure C60. The absorption band of C60 at 328 nm is well 

separated from the Soret band of Zn-porphyrin at 420 nm. 
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Figure 4.24 UV-Vis absorption spectra of the Si-C5-Por d (blue line) and C60 (red line) in 

toluene/acetonitrile (1:1) 
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Figure 4.25 UV-Vis absorption spectra of the Zn-porphyrin functionalized silicon 

nanoparticles upon addition of C60 (0-20 equiv.) in toluene/acetonitrile (1:1) 
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Figure 4.26 Fluorescence spectra of Zn-porphyrin functionalized silicon nanoparticles 

upon addition of C60 (0-20 equiv., 1 equiv. = 8.80 µmol/L) in toluene/acetonitrile (1:1). 

(λexc=420 nm) 
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Figure 4.27 A plot of the change in fluorescence intensity of Zn-porphyrin functionalized 

silicon nanoparticles as a ratio of F/F0 versus concentration of C60 in toluene/acetonitrile 

(1:1). [Ka=5.4±1.6×10
3
M

-1
; R

2
=0.99] 

        Evidence for a strong interaction of the Zn-porphyrin functionalized silicon 

nanoparticles with C60 was gathered from UV-Vis titrations (Figure 4.25).
148  

Titration of 

C60 into a solution containing the Zn-porphyrin functionalized silicon nanoparticles 

resulted in the broadening of the Soret band due to the π-π interactions between the Zn-

porphyrin and C60.
134a

     

        Fluorescence titration was performed to further confirm the interaction and 

determine quantitative association constants (Ka) between the Zn-porphyrin 

functionalized silicon nanoparticles and C60. Aliquots of C60 in toluene (stock 

concentration: 4.03×10
-3

M) were added into a solution of Zn-porphyrin functionalized 

silicon nanoparticles in toluene/acetonitrile (1:1). In Figure 4.26, the quenching of the 

porphyrin fluorescence by the C60 is observed, which may be the first evidence of 

photoinduced electron transfer inside the Si NP-Por-C60 system.
149

 In addition, the 
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fluorescence maximum at 606 nm decreases with increasing aliquots of C60 confirming 

the complexation of C60 by the Zn-porphyrin functionalized silicon nanoparticles. The 

binding constant (Ka) was determined by plotting fluorescence emission (F/F0) versus the 

concentration of fullerenes followed by non-linear curve fitting to a 1:1 binding mode: 
150
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     (4) 

where k11 and ks are proportionality constants and [L] is the fullerene concentration. As 

shown in Figure 4.27, the binding constant between C60 and Zn-porphyrin functionalized 

silicon nanoparticles is Ka=5.4±1.6×10
3
M

-1
. The binding constant of this system is lower 

than binding constants of most of other porphyrin-C60 constructs developed by other 

groups (Table 4.3). This may due to less organization of porphyrins on the silicon 

nanoparticle. 

Many studies have reported that there is no noticeable interaction between porphyrin 

monomer and C60.
147, 151

 However, a parallel experiment with just the Zn-porphyrin and 

the same C60 increments still showed the quenching of the porphyrin emission by C60 

(Figure 4.28). The quenching coefficient (kq) was determined by plotting fluorescence 

emission (F0/F) versus the concentration of fullerenes ([L]) followed by the Stern-Volmer 

relationship: 

F0/F = 1 + kqτ0[L] = 1 + KD[L]  (5) 

where τ0 is the lifetime of the emission excited state of porphyrin, kq is the bimolecular 

quenching constant, and KD is the Stern-Volmer quenching constant. As shown in Figure 
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4.29, the quenching constant is 2.0±0.1×10
3
M

-1
, which is about three times smaller than 

the bonding constant of C60 and Zn-porphyrin functionalized silicon nanoparticles. These 

results indicate that the assembly of the Zn-porphyrin moieties by silicon nanoparticles 

indeed facilitates embedding the C60 and helps to mediate a fast intramolecular quenching. 

Table 4.3: Binding Constants (M
-1

) of a Varity of Porphyrin-C60 Constructs 

Host Binding constant Ref 

Pd bisporphyrin(Zn) cleft 3.7×104 152 

Zn(por)[RuPor]4 box 9.65×103 151 

Calixarene bisporphyrin(Zn) 8.60×103 153 

Thiacalixarene bisporphyrin(Zn) 2.71×103 153 

Stilbene-linked bisporphyrin(Zn) 2.9×104 147 

Au NP-C12-porphyrin(H2) 3.4×104 134a 

Au NP-C24-porphyrin(H2) 7.7×104 134a 

This study 5.4×103  
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Figure 4.28 Fluorescence spectra of the Zn-porphyrin upon addition of C60 (0-20 equiv., 

1 equiv. = 11.7 µmol/L) in toluene/acetonitrile (1:1). (λexc=420 nm) 
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Figure 4.29 A plot of the change in fluorescence intensity of Zn-porphyrin as a ratio of 

F0/F versus concentration of C60 in toluene/acetonitrile (1:1). [KD=2.0±0.1×10
3
M

-1
; 

R
2
=0.99] 
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Figure 4.30 a) Femtosecond transient absorption spectra of Si-C5-Por d in argon-

saturated toluene/acetonitrile (1:1) at 298 K after laser excitation at 575 nm. b) Time 

profiles of absorption at 643 nm of Si-C5-Por d in argon-saturated toluene/acetonitrile 

(1:1) at 298 K. c) Femtosecond transient absorption spectra of Si NP-Por-C60 ([C60] = 

2.01 × 10
3
 µmol/L)in argon-saturated toluene/acetonitrile (1:1) at 298 K after laser 

excitation at 575 nm. d) Time profiles of absorption at 643 nm of Si NP-Por-C60 in argon-

saturated toluene/acetonitrile (1:1) at 298 K. 

        Transient absorption studies were carried out by the femto-second scale transient 

absorption spectroscopy in order to investigate the electron transfer in the Si NP-Por-C60 

system. The results for the Si-C5-Por d and the Si NP-Por-C60 are shown in Figure 4.30. 

The broad absorption band around 640 nm due to the ZnP
•+

 moiety
 154

 is observed in the 

a b 

c d 
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spectra of the Si NP-Por-C60 system (Figure 4.30c), which doesn’t show in the spectra of 

the Si-C5-Por d without adding C60 (Figure 4.30a). The formation of ZnP
•+

 may due to 

the porphyrin excited singlet state quenching by C60 to yield the charge-separated 

state.
133b

 The changing of absorption is further confirmed by comparing the absorption 

decay of ZnP
•+ 

at 643 nm before and after adding C60 (Figure 4.30b, d). The absorption 

decay of ZnP
•+ 

is only shown after adding C60. Since absorption bands of C60
•-
 are 

expected to appear at 1000-1080 nm,
 154

 C60
•-
 was not confirmed by the transient 

absorption study due to the limitation of the detector. All the spectra changing indicated 

the formation of the ZnP
•+ 

when the electron acceptor was added into the system, which 

proving the ability of the porphyrin-Si nanoparticle hybrid system to effect the charge 

separation. In addition, the yield of ZnP
•+

 can be calculated based on the ratio of the 

concentration of the excited Zn-porphyrin and the ZnP
•+

, which can be obtained based on 

the Beer-Lambert law. As shown on Figure 4.30c, the absorption of excited Zn-porphyrin 

at 520 nm is 36 and the absorption of ZnP
•+

 at 643 nm is 5.4. Since the molar extinction 

of Zn-porphyrin at 520 nm is 4.5×10
3
 cm

-1
M

-1
 and the molar extinction of ZnP

•+  
at 643 

nm is 3.0×10
4
 cm

-1
M

-1
, the yield of the ZnP

•+
 is calculated to be 2.2%. 
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4.3 Conclusion 

 

Figure 4.31 Illustration of the energy/electron transfer inside the Si NP-Por-C60 system 

Zn-porphyrin functionalized silicon nanoparticles were successfully synthesized. 

The energy transfer process inside the silicon nanoparticle-porphyrin system was proved 

by steady-state and time-resolved fluorescence measurement, which also indicated that 

the azide-terminated silicon nanoparticles are excellent energy donors with Zn-porphyrin 

acceptor molecules. A simple tuning of the ratio and distance between the donor and 

acceptor can give the desirable energy transfer efficiency up to 52% in the case of a short 

linker and higher acceptor-donor ratio. The energy transfer rates were calculated, which 

are very high for all examined systems and follow the distance dependence based on 

Forster energy transfer theory. The photoinduced electron transfer process inside the 

silicon nanoparticle-porphyrin-fullerene nanocluster was supported by the femto-second 

transient absorption spectroscopy, showing the ability of the porphyrin-silicon 

nanoparticle hybrid system to effect charge separation (Figure 4.31). Thus, the Zn-

porphyrin functionalized silicon nanoparticles represent novel artificial photosynthetic 

materials. Also, it was hoped that this study would provide basic and valued information 
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on the design of chromophore-modified silicon nanoparticles for constructing efficient 

solar cells. 
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4.4 Experimental Section 

4.4.1 Materials and methods 

         All chemicals were purchased from Sigma-Aldrich or Alfa Aesar, and employed 

without further purification unless specified. Tetrahydrofuran (THF) was distilled over 

sodium-benzophenone prior to use. Dichloromethane was distilled over CaH2 before use. 

Hexane, toluene and acetonitrile were distilled over sodium prior to use. Gel permeation 

chromatography (GPC) was used for the purification of nanoparticles. Bio-beads S-X1 

were swelled overnight in dry THF and packed into a 40cm x 1.3cm glass column. 

Dichloromethane was used as an elution solvent. A concentrated nanoparticle solution 

(50mg in 1 ml CH2Cl2) was added to column and eluted into 3 fractions collected in 10ml 

increments in separate vials. The first fraction was collected when the first colored band 

began to elute. This fraction contained nanoparticles and was used in the synthetic 

reactions. The second and third fractions, containing mostly impurities, were discarded. 

4.4.2 Synthesis of 11-bromo-1-undecene 

        10-undecen-1-ol (8.5g, 50 mmol) was dissolved in 300 mL dry hexane in a 500 mL 

three-necked reaction flask. PBr3 (28.5g, 105 mmol) was added dropwise through an 

additional funnel into a flask containing the 10-undecen-1-ol solution at 0 
o
C. The 

solution was stirred at room temperature overnight under nitrogen atmosphere. The 

solution was then poured into 300mL of ice water to quench the reaction and NaHCO3 

(50.4g, 600 mmol) was added to neutralize the HBr and H3PO4. The organic layer was 

washed three times by saturated NaCl solution (300 mL each time) and dried by 

anhydrous MgSO4. The solid was removed by filtration and the solvent was removed by 

rotary evaporation. The product was purified by vacuum distillation (0.3 mmHg, ≥ 60 
o
C). 
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The yield is 6.4g, 55%. 
1
H-NMR (δ, 300 MHz, CD2Cl2): 5.8 (m, 1H), 4.9 (m, 1H), 3.4 (m, 

2H), 2.1 (m, 2H), 1.9 (m, 2H), 1.3 (broad, s, 12H). GC: 8.5 min, 94.6%. MS: 232.1 (100% 

intensity), 234.1 (97.3% intensity), 233.1 (12.1% intensity). 

4.4.3 Synthesis of ω-azidopentenyl (5%, 20%, 35%, 50%)-Si nanoparticles 

        1.0g (36 mmol) silicon wafer (as obtained from Silrec, undoped, mirror finish, 

orientation [111]) was placed in a stainless steel milling vial along with two stainless 

steel milling balls (diameter of 1.2 cm, weighing approximately 8.1g). The vial was filled 

in a Vacuum Atmospherics dry box under a nitrogen atmosphere with a mixture of 5-

chloro-1-pentyne and 1-pentyne and then tightly sealed. The following quantities of 5-

chloro-pentyne and 1-pentyne were used for the specified surface compositions: 1.0 mL 

(9.4 mmol) 5-chloro-1-pentyne and 19 mL (192 mmol) 1-pentyne for a 5% functionalized 

surface; 4.0 mL (38 mmol) 5-chloro-1-pentyne and 16 mL (162 mmol) 1-pentyne for a 20% 

functionalized surface; 7.0 mL (66 mmol) 5-chloro-1-pentyne and 13 mL (132 mmol) 1-

pentyne for a 35% functionalized surface; 10mL (94 mmol) 5-chloro-1-pentyne and 10 

mL (101 mmol) 1-pentyne for a 50% functionalized surface. The milling vial was placed 

in a SPEX 8000-D Dual Mixer/Mill, and high energy ball-milling were performed for 24 

hours. After 24 hours of milling, the reaction mixture was centrifuged to remove larger 

particles. The solution contains chloro-terminated silicon nanoparticles which are soluble 

in non-polar organic solvents. All of the solvents were removed by vacuum distillation 

and the nanoparticles were redispersed in CH2Cl2. Sodium azide (0.30 g, 4.6 mmol) was 

added to a solution of 50 mg chloro-terminated silicon nanoparticles in 20 mL of dry 

dimethylformamide (DMF). The solution was stirred at 65℃ overnight under nitrogen 

atmosphere. DMF was removed by vacuum distillation and dry THF was added. The 
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mixture was centrifuged to remove NaCl and unreacted NaN3. The solution contains 

azide-terminated silicon nanoparticles which are soluble in THF. The solvent was 

removed by rotary evaporator and the nanoparticles were redispersed in CH2Cl2 and 

purified by GPC. Yield: 40-60 mg. FTIR (thin film on KBr): 2820-2990 cm
-1

 (ν (C-H)), 

2100 cm
-1

 (ν (N=N=N)), 1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-

1
 (δ (Si-C)), 1190-850 cm

-1
 (ν (Si-O)), 830 cm

-1
 (ν (Si-C)). Safety note: Large scale 

reactions of azide are prone to dangerous exothermic reactions. The use of chlorinated 

solvents in the presence of sodium azide must be avoided, as the byproducts may be 

highly explosive. 

4.4.4 Synthesis of ω-azidoheptyl (35%)-Si nanoparticles 

Silicon wafer (1.0g, 36 mmol) was ball milled with a mixture of 7.0 mL (46 mmol) 

7-bromo-1-heptene and 13 mL (132 mmol) 1-pentyne for 24 hours to synthesize the 

bromo-terminated silicon nanoparticles. Sodium azide (0.30 g, 4.6 mmol) was added to a 

solution of 50 mg bromo-terminated silicon nanoparticles in 20 mL of dry 

dimethylformamide (DMF). The solution was stirred at 65℃ overnight under nitrogen 

atmosphere. DMF was removed by vacuum distillation and dry THF was added. The 

mixture was centrifuged to remove NaBr and unreacted NaN3. The solution contains 

azide-terminated silicon nanoparticles which are soluble in THF. The solvent was 

removed by rotary evaporator and the nanoparticles were redispersed in CH2Cl2 and 

purified by GPC. Yield: 40-60 mg. 
1
HNMR (δ, 300 MHz, CD2Cl2): 3.25 (s), 2.5-0.5 (m, 

broad). UV-vis Absorption (in CH2Cl2): Single absorption with a tail up to 550 nm. PL 

emission (in CH2Cl2): 350-700 nm emission peaks by changing excitation wavelength 

from 300-400 nm. FTIR (thin film on KBr): 2820-2990 cm
-1

 (ν (C-H)), 2100 cm
-1

 (ν 



171 

 

(N=N=N)), 1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (δ (Si-C)), 

1190-850 cm
-1

 (ν (Si-O)), 830 cm
-1

 (ν (Si-C)). Safety note: Large scale reactions of azide 

are prone to dangerous exothermic reactions. The use of chlorinated solvents in the 

presence of sodium azide must be avoided, as the byproducts may be highly explosive. 

4.4.5 Synthesis of ω-azidoundecyl (35%)-Si nanoparticles 

        Silicon wafer (1.0g, 36 mmol) was ball milled with a mixture of 7.0 mL (32 mmol) 

11-bromo-1-undecene and 13 mL (132 mmol) 1-pentyne for 24 hours to synthesize the 

bromo-terminated silicon nanoparticles. Sodium azide (0.30 g, 4.6 mmol) was added to a 

solution of 50 mg bromo-terminated silicon nanoparticles in 20 mL of dry 

dimethylformamide (DMF). The solution was stirred at 65℃ overnight under nitrogen 

atmosphere. DMF was removed by vacuum distillation and dry THF was added. The 

mixture was centrifuged to remove NaBr and unreacted NaN3. The solution contains 

azide-terminated silicon nanoparticles which are soluble in THF. The solvent was 

removed by rotary evaporator and the nanoparticles were redispersed in CH2Cl2 and 

purified by GPC. Yield: 40-60 mg. 
1
HNMR (δ, 300 MHz, CD2Cl2): 3.25 (s), 2.5-0.5 (m, 

broad). UV-vis Absorption (in CH2Cl2): Single absorption with a tail up to 650 nm. PL 

emission (in CH2Cl2): 350-700 nm emission peaks by changing excitation wavelength 

from 300-400 nm. FTIR (thin film on KBr): 2820-2990 cm
-1

 (ν (C-H)), 2100 cm
-1

 (ν 

(N=N=N)), 1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (δ (Si-C)), 

1190-850 cm
-1

 (ν (Si-O)), 830 cm
-1

 (ν (Si-C)). Safety note: Large scale reactions of azide 

are prone to dangerous exothermic reactions. The use of chlorinated solvents in the 

presence of sodium azide must be avoided, as the byproducts may be highly explosive. 
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4.4.6 Synthesis of 5-(4-(prop-2-yn-1-yloxy))phenyl-10,15,20-triphenyl- 

Zincporphyrin 

        5-(4-(prop-2-yn-1-yloxy))phenyl-10,15,20-triphenyl-Zincporphyrin was synthesized 

and well characterized by Dr. Jayawickramarajah’s group.
155

  

4.4.7 Functionalization of Azide-terminated Si NPs with Zn-porphyrin 

Azide-terminated Si nanoparticles (20 mg) and 5-(4-(prop-2-yn-1-yloxy))phenyl -

10,15,20-triphenyl-Zincporphyrin (10 mg, 1.4×10
-2

 mmol) were dissolved in 15 mL of 

THF. Cu(I) bromide (10 mg, 4.8×10
-2

 mmol) was added into the reaction mixture. The 

solution was stirred at room temperature overnight under nitrogen atmosphere. THF was 

removed by vacuum distillation and 20 mL dichloromethane and 1 mL ethylenediamine 

was added. The solution was subsequently washed three times with saturated brine 

solution. The Zn-porphyrin functionalized silicon nanoparticles were purified by GPC to 

removed unreacted silicon nanoparticles and Zn-porphyrin. Yield: 15-25 mg. 
1
HNMR (δ, 

300 MHz, CD2Cl2): 9.1-7.8 (multiple broad peaks, aromatic protons), 2.3-0.5 (multiple 

broad peaks, alkyl protons on the surface of silicon nanoparticle). UV-vis Absorption (in 

water): broad absorption in 250-380 nm, Soret band absorption at 425 nm, Q band 

absorption at 560 nm and 600 nm. 

4.4.8 Analytical methods 

4.4.8.1 NMR sample preparation and acquisition 

        NMR samples were prepared by vacuum drying ~1.5 mL of the silicon nanoparticle 

solution, adding 0.8 mL of the preferred deuterated solvent, and then transferring the 
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solution to a 5 mm NMR tube. 
1
H-NMR measurements were performed on a Bruker 

Avance 300 spectrometer equipped with a 5 mm BBO probe. 

4.4.8.2 Infrared spectroscopy 

        FTIR spectra were recorded at 1 cm
-1

 resolution with 1000 scans on a Thermo 

Nicolet NEXUS 670 FTIR instrument. Samples were prepared as a thin film of 

passivated silicon nanoparticles prepared by depositing dichloromethane solution of 

silicon nanoparticles on a KBr plate. The FT-IR sample chamber was purged with dry 

nitrogen before collecting any data. 

4.4.8.3 UV-vis absorption and photoluminescence spectroscopy 

        UV-Vis absorption spectra were recorded in a quartz cuvette (1cm), using a Cary 50 

spectrophotometer and were corrected for the solvent absorption. The scan range was 

200-800 nm with a 300 nm min
-1

 scan rate. Excitation-emission spectra were recorded in 

a quartz cuvette (1cm), using a Varian Cary Eclipse spectrofluorometer with a scan rate 

of 120 nm min
-1

. 

4.4.8.4 GC-MS 

        GC-MS analysis was performed by GC-MS (Varian 450 GC, Varian 300 MS) with 

VF5-MS capillary column. 2 µL diluted solution in methylene chloride was injected into 

the GC-MS system. 

4.4.8.5 Time-resolved emission spectroscopy 

        Time-resolved decay measurements were made using a home built system 

employing time-correlating single photon counting (TCSPC) with CH2Cl2 as a solvent. A 

Vanguard laser (λexc = 355nm) was used as an excitation source, and photons were 
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collected until a maximum of 5×10
4
 counts. All sample cuvettes were held at an angle 45° 

to preclude any back reflections of excitation pulses back into the sample. Lifetimes 

decay analysis was carried out using custom written routines within Excel worksheets. 

Fitting was done with a stretched exponential function and expressed as a mean lifetime 

of distribution, according to the method of French et al. 
156

  

4.4.8.6 Femtosecond transient absorption spectroscopy 

        The femtosecond transient absorption measurements were made using 

toluene/acetonitrile (1:1) as a solvent. A laser beam at 804 nm and 44 fs in duration 

produced by a Ti: sapphire oscillator (Vitesse, Coherent Inc) and regenerative amplifier 

(Spitfire pro, Spectra-Physics) was split in to two parts. One part was used to pump an in-

house built optical parametric amplifier (OPA), which produces signal-idler pulse pairs. 

The signal beam (ca. 2 μJ/pulse) was delayed by a translation stage (Parker) and focused 

by a 100 mm lens into the sample. The other part of the fundamental beam was used to 

generate white light continuum, ranging from 460 nm to 750 nm. After passing a 

translation stage (NRT150, Thorlabs Inc), the white light continuum was then focused 

into the sample with a 40 nm schromatic lens and detected by a CCD array detector 

(TCE-1209-U), Mightex). By chopping the excitation beam at half the laser repetition 

rate, difference spectra were recorded with excitation pulses on and off. 
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4.5 Model of Si nanoparticles 
157

 

  

Figure 4.32 Model of a Si nanoparticle 

       In order to estimate the number of Zn-porphyrin on each nanoparticle, a model of the 

silicon nanoparticle was developed. Assuming the silicon nanoparticle is spherical in 

shape and the density of the silicon nanoparticle equal to the density of the bulk silicon, 

the total number of silicon atoms in a nanoparticle equal to the volume, V=4/3πr
3
 (cm

3
), 

multiplying by the density of silicon (2.33 g/cm
3
), and then dividing by the molecular 

weight (28.02 g/mol), followed by multiplying by Avogadro’s number (6.02×10
23

 

molecules/mol), which showed in the following equation: 

 

        The number of surface sites is determined by the difference in the number of silicon 

atoms between two spheres that differ in radius by the width of one silicon atom, which is 

2.34Å. The equations are shown below: 

3 234 1
( ) *2.33* *6.02*10

3 28.02
outerN total r
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        Base on the TEM image, the average size of silicon core of azide terminated silicon 

nanoparticles is around 3.2 nm. So,   

3
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        When the surface of the silicon nanoparticle is passivated by covalently bound 

organic ligands, there are two different bonding types between the silicon surface and the 

organic ligands. On the Si (111) surface, the bonding type is one Si atom per ligand, 

while it is two Si atoms per ligand on the Si (100) surface. Assuming the entire surface of 

the nanoparticle is covered by the organic ligands, the number of organic ligands on the 

surface is in the range of 168~337. 

        From the 
1
H-NMR of the four silicon nanoparticle-porphyrin systems with different 

donor-acceptor ratio (Figure 4.14), the ratio of β-proton peak which is from the Zn-

porphyrin and the methyl group which is from the pentenyl group on the surface of the 

silicon nanoparticle can be calculated based on the integrated area of these two peaks. To 

( ) ( ) ( )N surface N total N inner 

3 234 1
( ) *2.33* *6.02*10

3 28.02
innerN inner r
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avoid the overlap between the –CH3 peak and –CH2 peak, the integrated area of the –CH3 

is estimated by double the integrated area of the half peak at 0.5-0.8 ppm. So the ratio of 

β-proton and methyl group in the four silicon nanoparticle-porphyrin systems are 1:31.0, 

1:13.4, 1:10.7 and 1:5.4, respectively. Then the number of Zn-porphyrin on each 

nanoparticle in the four different silicon nanoparticle-porphyrin systems can be calculated, 

which giving the range are 2.0~4.0, 4.6~9.2, 5.7~11.4 and 10.9~21.8, respectively. 

Similar calculations have been done with the silicon-pentenyl-porphyrin system, 

silicon-heptyl-porphyrin system and silicon-undecyl-porphyrin system which have 

different donor-acceptor distance. The ratios of β-proton and methyl group in these three 

silicon nanoparticle-porphyrin systems are 1:9.0, 1:8.4 and 1:10.7, respectively. The 

number of Zn-porphyrin on each nanoparticle in the three different silicon nanoparticle-

porphyrin systems are in the range of 6.7~13.4, 7.2~14.4 and 5.7~11.4, respectively. 
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Chapter 5: Silicon Nanoparticle-based Nanocarriers for Porphyrin 

Delivery in Photodynamic Therapy 

5.1 Introduction 

        Photodynamic therapy (PDT) is a promising, relatively new method for cancer 

treatment, where tumor cells are damaged by light-induced reactive oxygen species, such 

as singlet oxygen (
1
O2) or superoxide (O2

-
).

158
 As shown in Figure 5.1, the singlet oxygen 

is generated by a photosensitizer when excited at a specific wavelength. After absorbing 

light energy, the excited-state triplet photosensitizer transfers energy to the ground-state 

triplet oxygen and produces reactive singlet oxygen which can directly kill tumor cells by 

the induction of necrosis and/or apoptosis.
158a

 The major advantages of PDT compared to 

the traditional cancer treatments are that it is relatively inexpensive and non-invasive, has 

low cumulative toxicity and can be applied locally.
159

 

 

Figure 5.1 The mechanism of action on tumors in photodynamic therapy 
158a
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        The photosensitizers in use today are mostly organic dye molecules, such as 

porphyrins. Porphyrins and their derivatives are efficient photosensitizers for PDT 

because of their unique properties which meet several photophysical and photochemical 

requisites: they have relatively long excited state lifetimes in order to transfer their 

energy to oxygen molecules; they have low dark cytotoxicity to the human body; they 

have adjustable absorption properties in the red light range; and they are easy to 

synthesize and modify.
159-160

 However, similar to other molecular photosensitizers, there 

are several limitations of porphyrins used in PDT, including low selectivity for malignant 

tissues, low solubility and low photophysical/chemical activity in aqueous media due to 

the aggregation. 
159, 161

 

        To overcome these limitations, nanoparticles have been employed as nanocarriers of 

photosensitizing molecules to improve the PDT due to their critical properties. The 

nanoparticle surface can be modified with various functional molecules, such as 

photosensitizers and targeting molecules, and prevent the aggregation of 

photosensitizers.
162

 Nanoparticles with photoluminescence also can act as light antennas 

for photosensitizing molecules to enhance the PDT efficiency.
163

 Furthermore, 

nanoparticles with certain size can selectively accumulate in tumor tissue based on the 

enhanced permeability and retention (EPR) effects.
164

 

        Silicon nanoparticles have been established as excellent candidates as drug delivery 

materials useful for cancer therapies because of their excellent biocompatibility, 

biodegradability, low cytotoxicity and multiple possibilities for surface 

functionalization.
87, 93

 Cunin and coworkers have used porous silicon nanoparticles (35 

nm-245 nm) as nanocarriers for delivering porphyrin drugs into breast cancer cells for 
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PDT applications.
161a

 The water soluble porphyrin was covalently immobilized onto the 

surface of a porous silicon nanoparticle via an allyl isocyanate reaction. The porphyrin-

grafted porous silicon nanoparticles were shown to be a more efficient PDT in vitro 

compared to the plain photosensitizer. However, the mass loading of the porphyrin drug 

in this porphyrin-grafted porous silicon nanoparticles system is only 13.3 µg per mg of 

nanoparticles, and the pathway of the cell death induced by this system is still unknown. 

Furthermore, no study has been reported on the immobilization of porphyrin 

photosensitizers on small size (<10 nm) silicon nanoparticles for PDT so far. Hence, here 

we present a new approach to synthesize water soluble PEGylated porphyrin 

functionalized silicon nanoparticles for PDT, in which the silicon nanoparticles act as 

nanocarriers to deliver porphyrins into human embryonic kidney 293T (HEK293T) cells. 

The successful internalization of the PEGylated porphyrin grafted silicon nanoparticles in 

the HEK293T cell was observed, which formulated a demonstrated efficient PDT after 

the cells were irradiated by red light. 

Small size azide-terminated silicon nanoparticles, obtained from reactive high 

energy ball milling, were functionalized with PEGylated alkyno Zn-porphyrins via an 

azide-alkyne “click” reaction (Figure 5.2). The three PEG chains on the porphyrin 

increase the water solubility of the porphyrin-silicon nanoparticle system. PEG was 

chosen in this system because it is an ideal water soluble polymer for the modification of 

nanostructured materials due to its biocompatibility and low-toxicity. Furthermore, PEG 

grafting has also been proved to reduce hemolytic toxicity and increase the blood 

circulation times in drug delivery systems.
121

 Finally, the large amounts of PEG 
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substituents create steric hindrance between the porphyrin units to prevent porphyrin 

aggregation. 

 

Figure 5.2 Illustration showing the synthesis of PEGylated porphyrin grated silicon 

nanoparticles 

5.2 Results and Discussion 

5.2.1 Synthesis and characterization of PEGylated porphyrin grafted silicon 

nanoparticles 

The ω-azido-pentenyl silicon nanoparticles were obtained through the reaction of 

NaN3 and the ω-chloro-pentenyl silicon nanoparticles, which were prepared by reactive 

high energy ball milling. The systematic characterization of azido-terminated silicon 

nanoparticles has been discussed in Chapter 3. The PEGylated porphyrin grafted silicon 



182 

 

nanoparticles were prepared by the Huisgen [3+2] cycloaddition of the PEGylated 

alkyno-porphyrin and the azido-terminated silicon nanoparticles. 

 

Figure 5.3 
1
H-NMR spectrum of PEGylated porphyrin grafted silicon nanoparticles in 

CDCl3 

The successful attachment of the PEGylated porphyrin onto the silicon nanoparticles 

is supported by the 
1
H-NMR spectrum (Figure 5.3). The 

1
H-NMR spectrum of the 

PEGylated porphyrin grafted silicon nanoparticles exhibit the peaks from the organic 

surface ligands, the porphyrin units and the PEG substituents. The characteristic peaks 

around 8.5 ppm are assigned to the aromatic protons of the porphyrin units, while the 

strong peak around 3.6 ppm is assigned to the –CH2 groups on the PEG chain. The peaks 

from 0.5 ppm – 2.0 ppm are assigned to the alkyl protons on the silicon nanoparticles. 

The surface coverage of the porphyrin on the silicon nanoparticles can be estimated based 
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on the 
1
H-NMR spectrum. First, the ratio of the porphyrin units and the pentenyl groups 

on the surface of the silicon nanoparticle can be calculated by comparing the integrated 

area of the aromatic proton peaks (around 8.6 ppm) and the high field alkyl proton peaks 

(from 0.5-2.0 ppm). Since the theoretical ratio of ω-azido-pentenyl group which has 4 

high field alkyl protons and the pentenyl group which has 7 high field alkyl protons on 

the starting ω-azido-pentenyl (50%) silicon nanoparticles is 1:1, the average number of 

protons on each pentenyl chain on the silicon nanoparticles can be estimated to be 5.5. In 

addition, the total number of the aromatic protons on each porphyrin unit is 28 (including 

β-pyrrole protons, phenyl protons and triazole protons). Therefore, the ratio of the 

porphyrin units to the pentenyl groups was estimated to be 1:27.8, which means the 

surface coverage of porphyrin units on the silicon nanoparticle is about 7.2% and 

indicates the incomplete conversion of the azide groups. The inefficiency of the reaction 

may be due to the steric hindrance caused by the bulky structure of the PEGylated 

porphyrin. Changes in the FTIR spectra shown in Figure 5.4, which include the decrease 

of the azide vibration peak at 2100 cm
-1

, further support the incomplete attachment of the 

PEGylated porphyrins. 
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Figure 5.4 FTIR spectra of azido-terminated silicon nanoparticles and PEGylated 

porphyrin grafted silicon nanoparticles 

The images of PEGylated porphyrin grafted silicon nanoparticles were first obtained 

by tapping mode AFM using a freshly cleaved mica substrate. The AFM image of the 

starting azido-terminated silicon nanoparticles (Figure 5.5a) clearly shows the spherical 

particles with an apparent height around 3.4 ± 1.4 nm (Figure 5.5b). The observed heights 

of the nanoparticles are consistent with the results from TEM images discussed 

previously which shows the average size of the azido-terminated silicon nanoparticles is 

around 3.3 ± 1.3 nm (Chapter 3). In addition, the AFM image of the PEGylated porphyrin 

grafted silicon nanoparticles (Figure 5.5c) show amorphous structures with a bright core 

in the center. The apparent height of the bright core around 3.9 ± 0.6 nm (Figure 5.5d) is 
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in accord with the height of the starting azido-terminated silicon nanoparticles. The 

amorphous structure around the bright core may correspond to the PEGylated porphyrins 

attached on the silicon nanoparticles. The width of the object in the AFM image is 

significant lager than the actual width, which is the image artifact. This is because the 

observed width including the actual width of the object and the diameter of the tip.  

 

Figure 5.5 AFM image (a) and histogram height distribution (b) of the azido-terminated 

silicon nanoparticles; AFM image of the PEGylated porphyrin grafted silicon 

nanoparticles (c) and the height profiles collected at the indicated white lines (labeled 

1,2,3 respectively) (d).  
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Figure 5.6 Cryo-TEM image (a), a zoom in image (b) and the histogram size distribution 

of the PEGylated porphyrin grafted silicon nanoparticles in water (0.10 mg/mL, 20 µM of 

porphyrin); (d) Conventional TEM image of PEGylated porphyrin grafted silicon 

nanoparticles in water. 

Cryo-TEM was utilized to probe the structure of the PEGylated porphyrin grafted 

silicon nanoparticles in aqueous media. Cryo-TEM, where the sample is studied at 

cryogenic temperatures, allows the observation of nanoparticles that have not been 

stained or fixed in any way, showing them in their native environment. As shown in 

Figure 5.6a, the Cryo-TEM image of the PEGylated porphyrin grafted silicon 

nanoparticles in water shows spherical structures with a diameter around 13.5 ± 3.8 nm 

corresponding to individual nanoparticles. A few larger micelle-like nanostructures with 

diameters around 35 nm are also observed, which are due to the aggregation of the 
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PEGylated porphyrin grafted silicon nanoparticles. Figure 5.6b shows a micelle-like 

nanostructure with darker spots inside the structure indicating that the micelles consist of 

the smaller silicon nanoparticles. The formation of the micelle-like nanostructure may be 

due to the hydrophilic/hydrophilic interactions between the PEG chains or the 

hydrophobic/hydrophobic interactions between the alkyl chains since the PEGylated 

porphyrin grafted silicon nanoparticles have amphiphilic structure. In order to prove the 

formation of the micelle-like nanostructure, conventional TEM was performed on the 

identical nanoparticle sample that used for cryo-TEM chracterization. TEM sample were 

prepared by evaporation of the nanoparticle solutions on a copper grid. During the drying 

process, the concentration of the PEGylated porphyrin grafted silicon nanoparticles 

increases resulting in the aggregation of the nanoparticles and formation of micelle-like 

nanostructures. In contrast to cryo-TEM, the conventional TEM image of this sample 

shows much larger spherical micelle-like nanostructures with diameters in the range of 

50-150 nm. Dynamic light scattering (DLS) was performed to measure the hydrodynamic 

diameter of the micelle-like structure. However, the DLS analysis didn’t show a 

reasonable result, which might be due to the laser frequency of the DLS ( = 660 nm) 

being absorbed by the porphyrin.
70

 

One weakness of organic photosensitizers such as porphyrins is their aggregation, 

including J-aggregates and H-aggregates, in aqueous media which reduces their 

photophysical/chemical activity. J-aggregates are formed with the porphyrin molecules 

arranged side-by-side such that the transition moment of the porphyrins are parallel and 

the angle between the transition moment and the line joining the molecular centers is 

nearly zero.
165

 The strong coupling of the porphyrins in J-aggregates results in the 
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absorption band shifts to a longer wavelength.
166

 In contrast to the J-aggregates, H-

aggregates are face-to-face arrangement, in which the transition moments of the 

porphyrins are perpendicular to the line of centers.
165

 The H-aggregates are known to lead 

to a blue shift of the absorption band.
167
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Figure 5.7 (a) UV-Vis absorption spectra of PEGylated porphyrin in water and CH2Cl2 

and PEGylated porphyrin grafted Si nanoparticles in water (insert is the absorption in 

400-460 nm range); Reconstructed Soret peaks of PEGylated porphyrin (b) and 

PEGylated porphyrin grafted Si nanoparticles (c) 
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One of the advantages of using silicon nanoparticles as nanocarriers in this system is 

to prevent the aggregation of the porphyrin in aqueous media. As shown in Figure 5.7a, 

the PEGylated porphyrin in methylene chloride displays the identical sharp Soret band 

and Q bands which are ascribed to the monomeric porphyrin molecules. Additionally, the 

PEGylated porphyrin in water shows a broadened Soret band which consists of the Soret 

band of monomeric porphyrin at 427 nm and a red shifted absorption peak at 438 nm due 

to the J-aggregates of the porphyrin molecules. Similarly, the PEGylated porphyrin 

grafted silicon nanoparticles in water also show a broadened Soret band indicating that 

the porphyrin units in both the PEGylated porphyrin and PEGylated porphyrin grafted 

silicon nanoparticles undergo some self-aggregation via π-stacking interactions in 

aqueous media. However, the fact that the red shifted absorption peak of the PEGylated 

porphyrin grafted silicon nanoparticles is weaker than that of the pure PEGylated 

porphyrin shows that the aggregation of the porphyrin is minimized by silicon 

nanoparticles. Gaussian multi-peak fitting function in Origin Pro 8.6 was applied to 

reconstruct the Soret absorption peaks of these two samples (Figure 5.7b, c). 

Quantification of porphyrin aggregation by silicon nanoparticles was obtained by 

calculating the ratio of the integrated area between monomeric porphyrin absorption peak 

and porphyrin J-aggregate peak in these two samples. The ratio is 1:0.36 for the 

PEGylated porphyrin and 1:0.16 for the PEGylated porphyrin grafted silicon 

nanoparticles, respectively. The minimization of the porphyrin aggregation may be due to 

the bulky PEG substituents on the porphyrin units, the unfavorable orientations of the 

porphyrin units, as well as the hydrophobic environment created by the alkyl chains on 

the surface of the silicon nanoparticles. 
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        In addition, the mass loading of the porphyrin in the PEGylated porphyrin grafted 

silicon nanoparticles system also can be determined by the UV-Vis absorption spectra. 

The mass loading is defined as the mass of the drug component in nanoparticles per mg 

of nanoparticles. It determines the performance of the drug delivery system since it 

influences the rate and extent of drug release from the system.
168

 The extinction 

coefficient of the PEGylated porphyrin monomer in methanol was first determined to be 

3.11(1)×10
5
 dm

3
mol

-1
cm

-1
 at 430 nm. Then the absorption of a 4.0 mg/L solution of the 

PEGylated porphyrin grafted silicon nanoparticles in methanol was measured, which was 

0.2732(1) at 430 nm. Therefore, the concentration of the PEGylated porphyrin 

substituents in the nanoparticle solution was determined to be 0.88 µmole/L or 3.16 mg/L. 

Since the weight percentage of porphyrin unit in the PEGylated porphyrin is 23.1% (the 

molecular weight of porphyrin unit over the molecular weight of the PEGylated 

porphyrin), the concentration of the porphyrin unit in the nanoparticle solution was 0.73 

mg/L (3.16×23.1%), which means that the mass loading of the porphyrin in the 

PEGylated porphyrin grafted silicon nanoparticles system was 0.18 mg per mg of 

nanoparticles. It is 13 times higher than that of the porphyrin-porous silicon nanoparticles 

system developed by Cunin and coworkers for photodynamic therapy .
161a

 

5.2.2 Cellular uptake and subcellular localization of the PEGylated porphyrin 

grafted silicon nanoparticles 

        Since the photosensitizer causes cell damage by generating singlet oxygen, near-IR 

millisecond phosphorescence emission spectroscopy was performed in order to detect any 

singlet oxygen produced. The 577 nm irradiation of the air-saturated PEGylated 

porphyrin grafted silicon nanoparticles (0.05 mg/mL) in deuterated acetone results in the 
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absorption of a photon into the first Q-band of the porphyrin. A phosphorescence 

emission spectrum showed an emission peak at ~1278 nm which corresponds to the 

singlet oxygen emission (Figure 5.7).
169
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Figure 5.8 Near-IR Emission spectra of singlet oxygen phosphorescence in air-saturated 

solution of PEGylated porphyrin grafted silicon nanoparticles in deuterated acetone at 

room temperature. Absorbance of the PEGylated porphyrin grafted silicon nanoparticles 

was ~0.5 at λ = 430 nm. 

         HEK293T cells were used to determine cellular uptake of the PEGylated porphyrin 

grafted silicon nanoparticles, because these cells are very easy to grow and work with, 

and can be used in experiments in which the behavior of the cell itself is not of interest.
170

 

In each of the two independent experiments, the five HEK293T cell samples (~10
5
 

cells/µL) were cultured in the incubating media which contained Dulbecco’s Modified 

Eagle’s Medium (DMEM), 10% fetal bovine serum and 1000 units/mL 



192 

 

penicillin/Streptomycin. An aqueous solution of the PEGylated porphyrin grafted silicon 

nanoparticles was added into the five cell samples at the time point of 0, 12, 18, 21 and 

23 hours to achieve a concentration of 0.05 mg/mL (10 µM in porphyrin) in the 

incubating media, and the cells were harvested at the end of 24 hours. This process meant 

these cell samples were incubated in the media with the same concentration of the 

PEGylated porphyrin grafted silicon nanoparticles for 1, 3, 6, 12, and 24 hours 

respectively. A control experiment, in which the cells were incubated for 24 hours in a 

media without PEGylated porphyrin grafted silicon nanoparticles, was also performed. 

After the incubation, all the growth media were removed and the cells were washed with 

1X phosphate buffered saline (PBS buffer) twice. All the cell lysates were analyzed using 

UV-Vis spectroscopy to determine the uptake concentration of the PEGylated porphyrin 

grafted silicon nanoparticles by HEK293T cells.  
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Figure 5.9 Cellular uptake curve of PEGylated porphyrin grafted silicon nanoparticles 

monitored by UV absorption at λ = 430 nm (average of two independent experiments). 
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        The time-dependent uptake curve of the PEGylated porphyrin grafted silicon 

nanoparticles (Figure 5.9) was obtained by monitoring the UV-Vis absorption of the cell 

lysates at λ = 430 nm. The graph clearly indicates the uptake of the nanoparticles by the 

HEK293T cells with increasing the incubation time. 

 

 

Figure 5.10 Confocal microscope images of fixed HEK293T cells. The cells were 

incubated with PEGylated porphyrin grafted silicon nanoparticles (0.05 mg/mL, 10 µM 

in porphyrin) for 24 hours and co-stained with a whole cell stain (Cell Mask green). The 

stained cells were fixed with 4% PFA (4g paraformaldehyde and 2g sucrose in 100 mL 

PBS buffer) and then rinsed briefly with PBS buffer. The fixed cells were visualized by 

488 nm laser excitation and a 515nm long pass (emission) filter was applied.  PEGylated 

porphyrin grafted silicon nanoparticles were visualized by 633 nm laser excitation, and a 

650-715 band pass (emission) filter was applied. 

        Confocal microscopy was utilized to investigate the cellular internalization of 

PEGylated porphyrin grafted silicon nanoparticles. Confocal microscopy is used to 

increase optical resolution and contrast of a micrograph by using point illumination and a 

spatial pinhole to eliminate out-of-focus light in specimens that are thicker than the focal 

plane, which enables the reconstruction of three-dimensional structures from the obtained 
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images.
171

 A very strong luminescent emission from PEGylated porphyrin grafted silicon 

nanoparticles was observed when the fixed cells, which were incubated with the 

nanoparticles for 24 hours, were selectively excited by a 633 nm excitation laser (Figure 

5.10). When this image was merged with the image of the whole cells visualized by the 

Cell Mask Green which could stain the cytoplasm and the nucleus, the merged image 

clearly shows that the bright red luminescent dots were located inside the cells. 

Additionally, the confocal microscopy studies indicated that the luminescent dots and the 

cells were on the same plane, which further supported that the nanoparticles were 

internalized in the cells. 

        The time-dependent cellular uptake experiment and the confocal microscopy 

indicated that the PEGylated porphyrin grafted silicon nanoparticles were efficiently 

internalized in HEK293T cells, and that the internalization process can be detected by the 

red fluorescence emission from the porphyrin units on the nanoparticles. 

        Many studies have been reported and suggest that the reactive oxygen species 

generated by photosensitizers in different organelles induced cell death by different 

pathways.
172

 For example, Lam et al. claimed that the reactive oxygen species generation 

in mitochondria led to cell death in a mitochondrial apoptosis pathway such as 

cytochrome c release.
172d

 The subcellular localization of the PEGylated porphyrin grafted 

silicon nanoparticles was therefore investigated in order to elucidate the possible 

mechanism of these nanoparticles causing the cell death.  
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Figure 5.11 Confocal microscope images of fixed HEK293T cells to determine the 

subcellular localization of the nanoparticles. The cells were incubated with PEGylated 

porphyrin grafted Si nanoparticles (0.05 mg/mL, 10 µM in porphyrin) for 24 hours and 

stained with a mitochondrial stain (MitoTracker Deep Red).  Mitochondria were 

visualized by 633 nm laser excitation and a 650-715 ban pass (emission) filter was 

applied. PEGylated porphyrin grafted Si nanoparticles were visualized by 554 nm laser 

excitation, and a 650-715 ban pass (emission) filter was applied. The scale bar is 20 μm. 

A mitochondrial tracker (MitoTracker Deep Red) was used to stain the mitochondria 

in HEK293T cells to localize the mitochondria.
172d

 Upon excitation by laser irradiation, 

the fluorescence of the PEGylated porphyrin grafted silicon nanoparticles was observed 

and overlapped with the fluorescence of the mitochondrial tracker (Figure 5.11 a-c), 

indicating the PEGylated porphyrin grafted silicon nanoparticles accumulated in the 
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mitochondria. Figure 5.11 d-f showing zoom-in images of an individual cell further 

demonstrating that the nanoparticles locate in the mitochondria. Therefore, it is likely that 

the PEGylated porphyrin grafted silicon nanoparticles cause the cell death by generating 

singlet oxygen in mitochondria by a mitochondrial apoptosis pathway.  

5.2.3 In vitro photodynamic therapy 

        The photodynamic therapy potential of the PEGylated porphyrin grafted silicon 

nanoparticles was examined by performing an in vitro photodynamic study with 

HEK293T cells. For this study, four HEK293T cell samples (~10
5
 cells/µL) were 

incubated for 24 hours (two controls were incubated in the absence of PEGylated 

porphyrin grafted silicon nanoparticles, and two samples were treated with PEGylated 

porphyrin grafted silicon nanoparticles (0.01 mg/mL)). After the incubation, the medium 

was replaced with fresh growth medium and the cells were separated into two groups 

with one control and one sample in each group. One group was kept in the dark, while the 

other group was irradiated by a filtered high intensity Xenon arc (200 W) light with a 530 

nm cut off long pass filter and a water IR filter (filters light from 1000 to 3000 nm). The 

irradiation process was performed for 30 minutes followed by a 30 minutes recovery 

period in an incubator to allow re-oxygenation of the media. The process was repeated 6 

times to achieve 3 hours of light dose with the total light fluence of 39 J/cm
2
. After the 

irradiation, fluorescence microscopy was performed on all the samples stained with 4’,6- 

diamidino-2-phenylindole (DAPI), which can stain the nucleus of the cells, to evaluate 

the phototoxicity. As shown in Figure 5.12d, the nucleus of the cells treated with both the 

PEGylated porphyrin grafted silicon nanoparticles and light show a dense, spherical 

morphology indicating the death of the cells.
173

 In contrast, the nucleus of the cells in all 
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the controls (cells with and without light irradiation in the absence of the PEGylated 

porphyrin grafted silicon nanoparticles, and cells without irradiation in the presence of 

PEGylated porphyrin grafted silicon nanoparticles) show a larger, amorphous 

morphology indicating living cells, and no significant cell death was observed. These 

data indicate that the HEK293T cells can only be killed by applying both the PEGylated 

porphyrin grafted silicon nanoparticles and excitation light. This indicates that PEGylated 

porphyrin grafted silicon nanoparticles have excellent phototoxicity as well as low dark 

cytotoxicity. 

 

Figure 5.12 Fluorescence microscopy image of DAPI stained nucleus. (a) HEK293T 

cells without PEG-Por-Si NPs and irradiation, (b) HEK293T cells incubated with 0.01 

mg/mL PEG-Por-Si NPs for 24 hours without irradiation, (c) HEK293T cell without 

PEG-Por-Si NPs and irradiated for 3 hours, (d) HEK293T cells incubated with 0.01 

mg/mL PEG-Por-Si NPs for 24 hours and irradiated for 3 hours. 
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Figure 5.13 Efficacy of PEGylated porphyrin grafted silicon nanoparticles in inducing 

cellular death by a photodynamic process. HEK293T cells were incubated for 24 hours 

with PEG-Por-Si NPs (10 µM in porphyrin), PEGylated porphyrin (10 µM in porphyrin), 

or PEGylated silicon nanoparticles (no porphyrin, 0.01 mg/mL). Cells were washed and 

irradiated for 3 hours. Further 12 hours incubation after irradiation, cell death was 

measured. 

        The photodynamic response of the PEGylated porphyrin grafted silicon 

nanoparticles was further analyzed and compared with the free PEGylated porphyrin by 
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performing a MTT assay. The MTT assay is a simple and accurate method to measure the 

activity of living cells via mitochondrial dehydrogenases.
174

 The key component is 3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT). Solutions of MTT, 

which dissolved in medium or balanced salt solutions without phenol red, are yellowish 

in color. Mitochondrial dehydrogenases of viable cells cleave the tetrazolium ring, 

yielding purple formazan crystals which are insoluble in aqueous solutions. The crystals 

are dissolved in acidified isopropanol. The resulting purple solution is 

spectrophotometrically measured. An increase or decrease in cell number results in a 

concomitant change in the amount of formazan formed, indicating the degree of 

cytotoxicity caused by the test material.
174-175

 

        For this study, HEK293T cells were treated with PEG-Por-Si NPs (10 µM in 

porphyrin), PEGylated porphyrin (10 µM in porphyrin), or PEGylated silicon 

nanoparticles (no porphyrin, 0.01 mg/mL). After 24 hours incubation, the medium was 

replaced with fresh growth medium and the cells were subjected to irradiation for 3 hours 

as described previously. Further 12 hours incubation after irradiation was carried out to 

ensure there was enough time for the apoptosis of cell damaged by PDT. Then a MTT 

assay was performed to evaluate the photodynamic response.
161a

 As shown in the Figure 

5.13, the irradiation of HEK293T cells alone did not induce any toxicity. Furthermore, 

the cytotoxicity assays clearly show that the PEGylated silicon nanoparticles (no 

porphyrin) were almost non-toxic to the cells. In the presence of the PEGylated silicon 

nanoparticles (no porphyrin), around 90% of the HEK293T cells remain alive after 24 

hours of incubation either with or without irradiation. In addition, free PEGylated 

porphyrin incubated with the HEK293T cells under the same conditions and without 
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irradiation induced only about 17% cytotoxicity. However, a higher level of the cell death 

(60%) was observed in cells treated with free PEGylated porphyrin and subjected to 

irradiation indicating the PEGylated porphyrin itself is a good photosensitizer for PDT. In 

the control experiment, cells treated with PEGylated porphyrin grafted silicon 

nanoparticles without irradiation caused almost no cell death, which further support the 

excellent low-dark cytotoxicity of this system. Finally, the PEGylated porphyrin grafted 

silicon nanoparticles induced about 90% cell death after irradiation for 3 hours. The 

phototoxicity of the PEGylated porphyrin grafted silicon nanoparticles was significantly 

increased while their dark cytotoxicity was decreased compared to the free PEGylated 

porphyrin. The increased phototoxicity observed with the PEGylated porphyrin grafted 

silicon nanoparticles may be attributed to the higher cellular uptake of the porphyrin and 

the reduced porphyrin aggregation achieved by the silicon nanoparticles. The decreased 

cytotoxicity of the system may be because the silicon nanoparticles can “holding” the 

porphyrin and prevent the degradation of porphyrins. 
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5.3 Conclusion 

        The water soluble PEGylated porphyrin grafted silicon nanoparticle system, in 

which the silicon nanoparticles were used as nanocarriers, were synthesized by 

conjugating the PEGylated porphyrins onto the azido-terminated silicon nanoparticles. 

The obtained PEGylated porphyrin grafted silicon nanoparticles have diameters around 

13.5 ± 3.8 nm. The cryo-TEM and conventional TEM analysis showed that the 

PEGylated porphyrin grafted silicon nanoparticle also can form micelle-like structures at 

higher concentration in water via self-assembly. The UV-Vis absorption analysis 

demonstrated that the silicon nanoparticle can reduce the porphyrin aggregation in water, 

which can prevent the reduction of the photophysical activity of porphyrin. The cell 

studies demonstrated that the silicon nanoparticle can deliver the porphyrin drugs into 

HEK293T cells and accumulate in the mitochondrial, where the porphyrin can serve as an 

efficient photosensitizer to generate singlet oxygen and kill these cells via mitochondrial 

apoptotic pathway. The functionalized silicon nanoparticles exhibited lower dark 

cytotoxicity compared to the free PEGylated porphyrin, and a more efficient 

photodynamic therapy was observed in vitro. 
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5.4 Experimental Section 

5.4.1 Materials and methods 

        All chemicals were purchased from Sigma-Aldrich or Alfa Aesar, and employed 

without further purification unless specified. Tetrahydrofuran (THF) was distilled over 

sodium-benzophenone prior to use. Dichloromethane was distilled over CaH2 before use. 

Hexane, toluene and acetonitrile were distilled over sodium prior to use. Gel permeation 

chromatography (GPC) was used for the purification of nanoparticles. Bio-beads S-X1 

were swelled overnight in dry THF and packed into a 40cm x 1.3cm glass column. 

Dichloromethane was used as an elution solvent. A concentrated nanoparticle solution 

(50mg in 1 ml CH2Cl2) was added to column and eluted into 3 fractions collected in 10ml 

increments in separate vials. The first fraction was collected when the first colored band 

began to elute. This fraction contained nanoparticles and was used in the synthetic 

reactions. The second and third fractions, containing mostly impurities, were discarded. 

5.4.2 Synthesis of ω-azido-pentenyl (50%)-Si nanoparticles 

        1.0g (36 mmol) silicon wafer (as obtained from Silrec, undoped, mirror finish, 

orientation [111]) was placed in a stainless steel milling vial along with two stainless 

steel milling balls (diameter of 1.2 cm, weighing approximately 8.1g). The vial was filled 

in a Vacuum Atmospherics dry box under a nitrogen atmosphere with a mixture of 10mL 

(94 mmol) 5-chloro-1-pentyne and 10 mL (101 mmol) 1-pentyne, and then tightly sealed. 

The milling vial was placed in a SPEX 8000-D Dual Mixer/Mill, and high energy ball-

milling were performed for 24 hours. After 24 hours of milling, the reaction mixture was 

centrifuged to remove larger particles. The solution contains chloro-terminated silicon 

nanoparticles which are soluble in non-polar organic solvents. All of the solvents were 
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removed by vacuum distillation and the nanoparticles were redispersed in CH2Cl2. 

Sodium azide (0.30 g, 4.6 mmol) was added to a solution of 50 mg chloro-terminated 

silicon nanoparticles in 20 mL of dry dimethylformamide (DMF). The solution was 

stirred at 65℃ overnight under nitrogen atmosphere. DMF was removed by vacuum 

distillation and dry THF was added. The mixture was centrifuged to remove NaCl and 

unreacted NaN3. The solution contains azide-terminated silicon nanoparticles which are 

soluble in THF. The solvent was removed by rotary evaporator and the nanoparticles 

were redispersed in CH2Cl2 and purified by GPC. Yield: 40 mg. 
1
HNMR (δ, 300 MHz, 

CD2Cl2): 3.25 (s), 2.0-0.5 (m, broad). UV-vis Absorption (in CH2Cl2): Single absorption 

with a tail up to 600 nm. PL emission (in CH2Cl2): 350-700 nm emission peaks by 

changing excitation wavelength from 300-400 nm. FTIR (thin film on KBr): 2820-2990 

cm
-1

 (ν (C-H)), 2100 cm
-1

 (ν (N=N=N)), 1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ 

(C-H)), 1250 cm
-1

 (δ (Si-C)), 1190-850 cm
-1

 (ν (Si-O)), 830 cm
-1

 (ν (Si-C)).  

Safety note: Large scale reactions of azide are prone to dangerous exothermic reactions. 

The use of chlorinated solvents in the presence of sodium azide must be avoided, as the 

byproducts may be highly explosive. 

5.4.3 Synthesis of PEGylated alkyno-zinc(II)porphyrin 

        The PEGylated alkyno-Zincporphyrin was synthesized and well characterized by Dr. 

Jayawickramarajah’s group. See the thesis of Dr. Nan Zhang for further details. 

5.4.4 Synthesis of PEGylated porphyrin grafted silicon nanoparticles 

        Azide-terminated Si nanoparticles (20 mg) and alkyno-zinc(II)porphyrin (20 mg, 

5.8×10
-3

 mmol) were dissolved in 15 mL of THF. Cu(I) bromide (10 mg, 4.8×10
-2

 mmol) 
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was added into the reaction mixture. The solution was stirred at room temperature 

overnight under nitrogen atmosphere. THF was removed by vacuum distillation and 20 

mL dichloromethane and 1 mL ethylenediamine was added. The solution was 

subsequently washed three times with saturated brine solution. The Zn-porphyrin 

functionalized silicon nanoparticles were purified by GPC to removed unreacted silicon 

nanoparticles and Zn-porphyrin. The purified nanoparticles were dissolved in a minimum 

amount of chloroform and precipitated from 10 mL anhydrous diethyl ether, collected by 

centrifugation, and then dried under high vacuum. Yield: 28 mg. 
1
HNMR (δ, 400 MHz, 

CD2Cl2): 8.8-8.1 (multiple broad peaks, aromatic protons), 4.88 (broad), 4.75 (broad), 

4.62 (broad), 4.43 (broad), 4.04 (broad), 3.91 (broad), 3.7-3,4 (multiple, all PEG 

methylene protons), 2.3-0.3 (multiple broad peaks, alkyl protons on the surface of silicon 

nanoparticle). FTIR (thin film on KBr): 3150 cm
-1

 (ν (C-H) on triazole ring), 2820-2990 

cm
-1

 (ν (C-H)), 2100 cm
-1

 (ν (N=N=N)), 1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ 

(C-H)), 1250 cm
-1

 (δ (Si-C)), 1100 cm
-1

 (ν (C-O)), 1190-850 cm
-1

 (ν (Si-O)), 830 cm
-1

 (ν 

(Si-C)). UV-vis Absorption (in water): broad absorption in 230-380 nm, Soret band 

absorption at 425 nm and 437 nm, Q band absorption at 560 nm and 600 nm. 

5.4.5 Cell culture 

        Human Embryonic Kidney 293T (HEK293T) cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Life Technologies) supplemented with 10% fetal 

bovine serum and 1000 U/mL penicillin/Streptomycin. Cells were allowed to grow in a 

humidified atmosphere at 37 
o
C under 5% CO2. 
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5.4.6 Quantification of cell internalization 

        1X phosphate buffered saline (PBS buffer) was prepared using the following 

procedure. 8g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24 g of KH2PO4 were dissolved in 

800 mL distilled H2O. The pH of the solution was adjusted to 7.4 by adding HCl, and 

then the volume of the solution was adjusted to 1 L with additional distilled H2O. Finally, 

the obtained PBS buffer was sterilized by autoclaving. 

        Confluent cells (100% confluency) were incubated with medium containing 10 

µg/mL PEGylated porphyrin grafted silicon nanoparticles for 1, 3, 6, 12 and 24 hours. 

Then cells were washed twice with PBS buffer and lysed in buffer containing 25 mM 

tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40 (nonyl phenoxypolyethoxylethanol), 1% 

sodium deoxycholate and 0.1% SDS (sodium dodecyl sulfate). After the cell extracts 

were centrifuged at 13,000 rpm for 10 min, the supernatant was taken for UV-Vis 

evaluation. 

5.4.7 Cell imaging 

        HEK293T cells were incubated in medium containing 10 µg/mL PEGylated 

porphyrin grafted silicon nanoparticles for 24 hours. At the end of the incubation, the 

cells were incubated with PBS containing 2 µg/mL Cell Mask green (Invitrogen) for 15 

min for the whole cell-staining for 15 min for the cell membrane staining, or the 

incubated with 250 nM MitoTracker Deep Red FM (Life Technologies) for 30 min for 

the mitochondrial staining. And then the cells were fixed with 4% paraformaldehyde 

solution for 15 min at room temperature. Images were taken with a Zeiss LSM 510 

confocal microscope. 
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5.4.8 Photodynamic therapy experiment 

        A Thermo Oriel 200 W Xenon arc light system was used as a light source for this 

experiment. In order to filter off the short wave length UV and long wave length IR 

irradiation that can directly cause cell death, a 530 long pass filter and a water IR filter 

(filter off light from 1000 nm to 3000 nm) was fitted in front of the light source (Figure 

5.14). 

 

Figure 5.14 Thermo Oriel 200W Xenon arc light system 

        HEK293T cells incubated with or without 10 µg/mL PEGylated porphyrin grafted 

silicon nanoparticles for 24 hours were subjected to light irradiation for 30 minutes 

followed by 30 minutes recovery period and repeated 6 times to achieve a total of 3 hours 

light dose. The distance from the sample to the light source is 21 cm, and the total light 

fluence of 39 J/cm
2
 (The irradiation intensity was measured by a photo power meter, and 

the probe was put on the same place as the sample holder. The obtained intensity was 6~7 

mW). Dark controls were incubated with 10 µg/mL or without PEGylated porphyrin 

grafted silicon nanoparticles, then were maintained in the dark for 3 hours. To visualize 
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cell death, cells were stained with DAPI (a nucleus stain) for 5 min. Images of the 

nucleus were collected by an Olympus fluorescence microscope. 

5.4.9 MTT assay 

        HEK-293T cells were seeded onto 96-well plates with 100 μL culture medium and 

allowed to grow until cells reach half confluency (confluency is the term commonly used 

as an estimate of the number of adherent cells in a culture dish or a flask, referring to the 

proportion of the surface which is covered by cells). The cells were then incubated with 

PEG-Por-Si NPs (10 µM in porphyrin), PEGylated porphyrin (10 µM in porphyrin), or 

PEGylated silicon nanoparticles (no porphyrin, 0.01 mg/mL) for 24 hours.  After 

incubation, the medium was removed and cells were washed with PBS and maintained in 

100 μL fresh culture medium. Finally, the cells were subjected to laser irradiation for 3 

hours (650 nm, 5-6 mW cm
-2

, 39 J cm
-2

).  For the control (no laser) experiments, the cells 

were maintained in the dark for 3 hours. A MTT assay was performed to evaluate the 

phototoxicity after overnight incubation.  Briefly, cells were incubated for 2 hours with 

10 uL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide; Sigma)  

in  media.  The MTT/media solution was then removed and the precipitated crystals were 

dissolved in 100 uL of MTT Solubilization Solution. The solution absorbance was read at 

570 nm. 

5.4.10 Analytical methods 

5.4.10.1 NMR sample preparation and acquisition 

        NMR samples were prepared by vacuum drying of ~1.5 mL of the silicon 

nanoparticle solution, adding 0.8 mL of the preferred deuterated solvent, and then 
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transferring the solution to a 5 mm NMR tube. 
1
H-NMR measurements were performed 

on a Bruker Avance 300 spectrometer equipped with a 5 mm BBO probe. 

5.4.10.2 Infrared spectroscopy 

        FTIR spectra were recorded at 1 cm
-1

 resolution with 1000 scans on a Thermo 

Nicolet NEXUS 670 FTIR instrument. Samples were prepared as a thin film of 

passivated silicon nanoparticles prepared by depositing dichloromethane solution of 

silicon nanoparticles on a KBr plate. The FT-IR sample chamber was purged with dry 

nitrogen before collecting any data. 

5.4.10.3 UV-vis absorption spectroscopy 

        UV-Vis absorption spectra were recorded in a quartz cuvette (1cm), using a Cary 50 

spectrophotometer and were corrected for the solvent absorption. The scan range was 

200-800 nm with a 300 nm min
-1

 scan rate. Excitation-emission spectra were recorded in 

a quartz cuvette (1cm), using a Varian Cary Eclipse spectrofluorometer with a scan rate 

of 120 nm min
-1

. 

5.4.10.4 Transmission electron microscopy and Cryo-TEM 

        High-resolution TEM and Cryo-TEM studies were performed with a JEOL 2011 

TEM using an accelerating voltage of 200 kV or a Tecnai G2 TEM using an accelerating 

voltage of 300 kV, respectively. TEM samples were prepared by dropping a sonicated 

diluted solution of silicon naoparticles in toluene onto a carbon-coated 400 mesh carbon 

coated copper grid which was placed on a filter paper. The filter paper soaked up the 

excess solution before inserting in grid in the TEM sample holder.  
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Cryo-TEM samples were prepared by dropping a sonicated diluted solution of 

PEGylated porphyrin grafted silicon nanoparticles in water onto a 200 mesh copper grid 

with lacey carbon film (purchased from Electron Microscopy Science). The grid was 

blotted with filter paper to remove excess fluid, and then rapidly plunged into liquid 

ethane that has been cooled to liquid nitrogen temperature (Freezing rate of 1,000,000 

K/sec) to prevent the formation of ice crystals. Finally, the grid was transferred to a cryo 

workstation and then into a cryo holder. 

5.4.10.5 AFM experiments 

        AFM studies were carried out on a Veeco Bioscope AFM (Digital Instruments) 

under tapping mode in air. Bruker OTESPA AFM probes with nominal frequency, tip 

diameter, and spring constants of 300 KHz, 7 nm, and 42 N/m, respectively were used. 

Mica (highest grade V1 Mica disc, 10 mm diameter, was purchased from TED PELLA, 

Inc.) was used as the substrate and the mica plate was freshly cleaved via scotch tape to 

achieve a flat surface before use. The sample was prepared by applying 20 µL solution of 

nanoparticles in dichloromethane (~ 1µg/mL) on the mica surface. After drying with 

nitrogen gas flow, the sample was imaged. 
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Chapter 6: Miscellaneous Projects 

6.1 Synthesis of water soluble silicon nanoparticles 

Water soluble silicon nanoparticles have potential applications in cellular and assay 

labeling techniques, as well as in deep-tissue imaging.
117

 Therefore, silicon nanoparticles 

have been made water soluble by functionalizing with various water soluble ligands 

including amines,
17, 26, 117

 carboxylic acids,
118

 poly(acrylic acid),
21

 or by forming micelle-

encapsulated silicon nanoparticles using micelles made of phospholipids
89

 or 

poly(ethylene glycol) (PEG) – based amphiphilies.
119

 In this study, we investigated the 

methods of synthesizing water soluble silicon nanoparticles, obtained from reactive high 

energy ball milling, by functionalizing the nanoparticles with various water soluble 

ligands. 

6.1.1 Synthesis of amino-PEGylated silicon nanoparticles 

 

Figure 6.1 Synthesis of amino-PEGylated silicon nanoparticles 

Alkyne-terminated silicon nanoparticles were first synthesized using reactive high-

energy ball milling of a silicon wafer with a mixture of α,ω-octadiyne and 1-hexyne (1:1 

v/v). Water soluble amino-PEGylated silicon nanoparticles, with distal amino groups for 

further modification, were obtained via a CuAAC “click” reaction between the ω-
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alkynyl-octenyl (50%)-silicon nanoparticles and α,ω-azido-amino-bifunctional PEG (500 

Da) (Figure 6.1). The attachment of the amino-PEG is supported by the comparison of 

the FIIR spectrum of the amino-PEGylated silicon nanoparticles with the FTIR spectra of 

the two starting materials. As shown in Figure 6.2, both the ν(N=N=N) from the azide 

group of the amino-azido-PEG at 2100 cm
-1

 and the alkyne C-H stretching vibration of 

the silicon nanoparticle at 3250 cm
-1

 disappear during the course of the reaction, while 

new peaks for the aromatic C-H stretches on the triazole group and the N-H stretching 

and bending vibrations of the amino PEGylated silicon nanoparticles appear at 3200 cm
-1

, 

3100 cm
-1

, 1600 cm
-1

, 950 cm
-1

, and 840 cm
-1

, respectively.  
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Figure 6.2 FTIR of spectra of ω-alkynyl-octenyl (50%)-Si nanoparticles, amino-azido-

bifunctional-PEG and amino-PEGylated silicon nanoparticles. 
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Figure 6.3 
1
H NMR spectrum of α,ω-amino-azido-PEG and amino-PEGylated silicon 

nanoparticles in CD2Cl2 

1
H-NMR was performed to further access the success of the reaction. As shown in 

Figure 6.2, the 
1
H-NMR spectrum of amino-PEGylated silicon nanoparticles shows the 
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peaks from both components, the silicon nanoparticles and the reacting PEG including 

the resonances for the –CH2-NH2 group appear at 2.9 ppm and 2.5 ppm respectively. 

Furthermore, a new resonance for the triazole group was observed at 7.7 ppm, which 

clearly indicates the grafting of the amino-PEG.  

 

Figure 6.4 the TEM image of amino-PEGylated silicon nanoparticles in water 

       A typical TEM image of the amino-PEGylated silicon nanoparticles from a 

dispersion of the nanoparticles in water shows the isolated nanoparticles with the 

diameter of 10 to 15 nm. There may be some aggregation of the silicon nanoparticles due 

to the interaction of the PEG side chains or the N-H hydrogen bonding.  
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Figure 6.5 UV-Vis absorbance and PL emission of amino-PEGylated silicon 

nanoparticles in distilled water 

        The amino-PEGylated nanoparticles demonstrate nearly identical UV-Vis 

absorption and PL emission spectra in aqueous solution (Figure 6.5) as the starting 

nanoparticles in CH2Cl2 (see Chapter 3), including a broad continuous UV-Vis absorption 

tailing at 700 nm and a strong emission in the range of 350 to 700 nm. The small dip at 

450 nm in the emission spectra may due to the internal filter used to filter out the 

scattering light.  

In summary, the PEGylation of the nanoparticle surface improves its water solubility 

while maintaining the advantageous optoelectronic properties of the nanoparticle. And 

the distal amino groups provide the possibility of further modifying the silicon 

nanoparticles for biological application. Unfortunately, some of the nanoparticles 

precipitated out during the reaction and could not redisperse in any solvent, which caused 
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the low yield of this reaction. The precipitation may due to the distal amino group which 

can form N-H hydrogen bonding. The mechanism of the precipitation is still unclear.   

6.1.2 Synthesis of the amino-terminated silicon nanoparticles via “click” reaction 

 

Figure 6.6 Synthesis of amino-terminated silicon nanoparticles via “click” reaction 

        The water soluble amino-terminated silicon nanoparticles were obtained via a 

CuAAC “click” reaction between the azido-terminated silicon nanoparticles and 

propalgylamine (Figure 6.6). The ω-azido-pentenyl (50%) silicon nanoparticles were 

easily synthesized through the reactions of ω-chloro-pentenyl silicon nanoparticles, 

directly obtained from RHEBM of a silicon wafer with a mixture of 5-chloro-1-pentyne 

and 1-pentyne (1:1 v/v). The ω-chloro-pentenyl silicon nanoparticles were then reacted 

with NaN3 in DMF. Changes in the FTIR spectra (Figure 6.7) of silicon nanoparticles 

before and after the “click” reaction first supported the grafting of the propalgylamine.  

The azide group vibration peak from the azido-terminated silicon nanoparticles at 2100 

cm
-1

 disappear after the “click” reaction, while the aromatic C-H stretching vibration on 

the triazole group and N-H bending vibration of the amino silicon nanoparticles show at 

3100 cm
-1

, 1600 cm
-1

, and 840 cm
-1

, respectively. In addition, a new resonance for the 

triazole group was observed at 7.1 ppm in the 
1
H-NMR spectrum (Figure 6.8). 
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Figure 6.7 FTIR spectra of ω-azido-pentenyl (50%)-silicon nanoparticles and amino 

terminated silicon nanoparticles 

 

Figure 6.8 
1
H NMR spectrum of amino-terminated silicon nanoparticles in CD2Cl2 
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Figure 6.9 UV-Vis absorbance and PL emission of amino-terminated silicon 

nanoparticles in distilled water 

        As expected, the amino-terminated nanoparticles also display a broad continuous 

UV-Vis absorption and strong PL emission spectra in aqueous solution (Figure 6.9) 

similar to the starting nanoparticles in CH2Cl2. The distal amino groups not only improve 

the water solubility of silicon nanoparticles, but also provide the possibility of further 

modifying the silicon nanoparticles for biological application. Unfortunately, the 

products are obtained in relative low yield due to the precipitation of nanoparticles during 

the reaction. 
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6.1.3 Synthesis of the amino-terminated silicon nanoparticles via Staudinger 

Reduction 

Another approach to amino substituted nanoparticles is the Staudinger Reduction, in 

which the triphenylphosphine reacts with the azide to form an iminophosphorane and 

then produce the amine and phosphine oxide by aqueous work up (Scheme 6.1).
176

 

Therefore, the amino-terminated silicon nanoparticles were synthesized by reducing the 

azide groups on the ω-azido-pentenyl (50%)-silicon nanoparticles to amino groups using 

triphenylphosphine (Figure 6.10). The conversion of the azide groups was supported by 

FTIR spectra (Figure 6.11) including the disappearance of the ν(N=N=N) from the azide 

group of the starting nanoparticles and appearance of a new peak for the amino group of 

the newly formed silicon nanoparticles. 

 

Scheme 6.1 Schematic of Staudinger Reduction 

 

Figure 6.10 Synthesis of amino-terminated silicon nanoparticles via reduction reaction 
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Figure 6.11 FTIR spectra of ω-azido-pentenyl (50%)-silicon nanoparticles and amino 

terminated silicon nanoparticles 

Unfortunately, this approach to amino-terminated silicon nanoparticles resulted in 

extensive precipitation during the reaction, yielding insoluble solids. Therefore, FTIR 

spectroscopy was the only characterization method performed to analyze the product.  

6.1.4 Synthesis of carboxylic acid-functionalized silicon nanoparticles 

        Carboxylic acid-functionalized silicon nanoparticles were obtained via a CuAAC 

“click” reaction between the ω-azido-pentenyl (50%)-silicon nanoparticles and propiolic 

acid (Figure 6.12).  
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Figure 6.12 Synthesis of carboxylic acid-functionalized silicon nanoparticles via “click” 

reaction 
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Figure 6.13 FTIR spectra of ω-azido-pentenyl (50%)-silicon nanoparticles and 

carboxylic acid-functionalized silicon nanoparticles 

        The occurrence of the “click” reaction was supported by FTIR spectra and 
1
H-NMR 

spectra. As shown in Figure 6.13, new vibration peaks of the –OH stretch, aromatic C-H 
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stretch, C=O stretch and C-O stretch on the carboxylic acid-functionalized silicon 

nanoparticles appears at 3300 cm
-1

, 3100 cm
-1

, 1600 cm
-1 

and 1100 cm
-1

 respectively in 

the FTIR spectrum, while the azido stretching vibration on the starting silicon 

nanoparticles at 2100 cm
-1

 disappear. Furthermore, a new resonance for the triazole 

proton was also observed at 7.6 ppm in the 
1
H-NMR spectrum (Figure 6.14). However, 

the resonance of the carboxylic acid proton wasn’t shown on the spectra, which might 

due to the broadness of the peak. 

 

Figure 6.14 
1
H NMR spectrum of carboxylic acid-functionalized silicon nanoparticles in 

CD2Cl2 
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6.1.5 Synthesis of methyl viologen-functionalized silicon nanoparticles via “click” 

reactions 

 

Figure 6.15 Schematic of the synthesis of methyl viologen-functionalized silicon 

nanoparticles via “click” reaction and the possible electron transfer process inside the 

system 

        Methyl viologen was used both as a water soluble ligand and an electron acceptor 

for functionalizing silicon nanoparticles. As shown in Figure 6.15, methyl viologen-

functionalized silicon nanoparticles can be prepared via a CuAAC “click” reaction 

between the ω-azido-pentenyl (50%)-silicon nanoparticles and alkynyl-methyl-viologen. 

        First, alkynyl-methyl viologen was synthesized via a nucleophilic displacement 

reaction between the mono-methyl viologen and propargyl bromide as the precursor of 

the “click” reaction (Figure 6.19). In Figure 6.16, the new resonances for the CH≡C–

CH2- group on the alkynyl-methyl viologen, which were identified by comparing the 

integrate area of all the resonances, appears at 6.4 ppm and 6.2 ppm respectively. The 

new resonances clearly indicate the attachment of a propargyl group. 
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Figure 6.16 
1
H-NMR spectra of mono-methyl viologen and alkynyl-methyl viologen in 

D2O 

        The alkynyl-methyl viologen was conjugated onto azide-terminated silicon 

nanoparticles via the “click” reaction. Unfortunately, the methyl viologen functionalized 

silicon nanoparticles were precipitated out during the reaction, and could not redisperse 
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in any solvent. Therefore, FTIR spectroscopy is the only method to characterize the 

resultant nanoparticles. The FTIR spectrum of the methyl viologen functionalized silicon 

nanoparticles (Figure 6.30) does not show the ν(N=N=N) of the azide group at 2100 cm
-1

, 

while the new aromatic C-H stretching vibration of the triazole group appears at 3100 cm
-

1
, which indicates the occurrence of the “click” reaction. However, more evidence was 

required to completely prove the attachment of the methyl viologen. 
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Figure 6.17 FTIR spectrum of the methyl viologen functionalized silicon nanoparticles 
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6.1.6 Synthesis of methyl viologen-functionalized silicon nanoparticles via 

nucleophilic displacement reaction 

 

Figure 6.18 Synthesis of methyl viologen-functionalized silicon nanoparticles via 

nucleophilic displacement reaction 

Methyl viologen functionalized silicon nanoparticles were also synthesized via a 

nucleophilic displacement reaction between the ω-chloro-pentenyl (50%)-silicon 

nanoparticles and the mono-methyl viologen in DMF (Figure 6.18). The grafting of the 

methyl viologen onto the nanoparticle surface was supported by comparing the 
1
H-NMR 

spectra of the methyl viologen functionalized silicon nanoparticles and the starting 

chloro-terminated silicon nanoparticles. The resonance for the –CH2-Cl group of the 

starting chloro-terminated silicon nanoparticles at 3.5 ppm disappears after the grafting of 

methyl viologen, while the new resonances for the aromatic protons of the methyl 

viologen appears in the range of 7.0 to 9.2 ppm after the reaction (Figure 6.19). Since the 

obtained methyl viologen functionalized silicon nanoparticles can only disperse in 

DMSO, no other characterization has been performed. 
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Figure 6.19 
1
H-NMR spectra of the ω-chloro-terminated silicon nanoparticles in CD2Cl2 

and the methyl viologen functionalized silicon nanoparticles in DMSO-D6 
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6.2 Synthesis of silicon nanoparticle arrays via “host-guest” self-assembly 

The assembly of semiconductor nanomaterials into three-dimensional structures is 

of interest for biological and microelectronic applications due to their special optical and 

electrical properties.
177

 Particularly, silicon nanoparticle arrays have attracted wide 

interest due to their great potential applications in nanotechnology and nanoparticle-base 

devices.
178

 Lee and Fan have reported water-dispersed silicon-based nanospheres with 

carboxylic acid terminal group for cellular probes application.
118

 Prasad and Swihart also 

reported PEGylated micelles encapsulated silicon quantum dots with non-covalent 

interactions for bioimaging application.
119

 

 

Figure 6.20 Structure of admantane, β-cyclodextrin and their inclusion complexes 

“Host-guest” self-assembly which rely on non-covalent interactions (hydrogen 

bonds, ionic bonds, van der Waals forces, and hydrophobic interactions), play an 

important role in the assembly of nanomaterials.
179

 In “host-guest” self-assembly, 

macrocyclic host molecules are usually used as a cavity to trap the guest molecule in the 

interior of the cavity.
179b

 β-cyclodextrin is one of the marcocyclic molecules used 

extensively as a host in “host-guest” chemistry for biological application.
179b, 180

 On the 

other hand, adamantane, which is widely used as a guest molecule in “host-guest” 

chemsitry, can form a strong inclusion complex (1:1) with β-cyclodextrin (Figure 6.20). 
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6.2.1 Synthesis of adamantane grafted silicon nanoparticles 

 

Figure 6.21 Synthesis of adamantane grafted silicon nanoparticles 

In order to obtain the silicon nanoparticle arrays via “host-guest” self-assembly, 

adamantane grafted silicon nanoparticles were synthesized as one of the precursors via a 

CuAAC “click” reaction between the ω-alkyno-octenyl (20%)-silicon nanoparticles and 

azido-adamantane (Figure 6.21). 

FTIR and 
1
H-NMR spectra support the grafting of the adamantane to the 

nanoparticles. In Figure 6.22, the alkyne C-H stretching vibration of the silicon 

nanoparticle at 3250 cm
-1

 disappears and the aromatic C-H stretching vibration of the 

triazole group on the adamantane grafted silicon nanoparticles appears at 3100 cm
-1 

after 

the “click” reaction.  
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Figure 6.22 FTIR of spectra of ω-alkynyl-octenyl (50%)-Si nanoparticles and 

adamantane grafted silicon nanoparticles.  

 

Figure 6.23 
1
H NMR spectrum of adamantane grafted silicon nanoparticles in CD2Cl2 
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In Figure 6.23, the 
1
H-NMR spectrum of adamantane grafted silicon nanoparticles 

shows the peaks from both components, the silicon nanoparticles and the reacting 

adamantane including the resonances for the adamantane protons appear at 1.8 ppm and 

2.2 ppm respectively. Furthermore, a new resonance for the triazole proton was observed 

at 7.4 ppm.  

 

Figure 6.24 the TEM image of adamantane grafted silicon nanoparticles in toluene the 

corresponding particle size distribution histogram 

A typical TEM image of the adamantane grafted silicon nanoparticles from a 

dispersion of the nanoparticles in toluene shows the isolated nanoparticles with the 

diameter of 3.3 ± 1.4 nm, which is consistent with the size of the starting alkynyl-

terminated silicon nanoparticles (Chapter 3). This is because only the silicon core is 

observed by the TEM image since the short alkyl chains are either indiscernible by TEM 

due to insufficient contrast, or have been burned off due from the electron beam. 
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Figure 6.25 UV-Vis absorbance and PL emission of adamantane grafted silicon 

nanoparticles in CH2Cl2 

The adamantane grafted silicon nanoparticles demonstrate nearly identical UV-Vis 

absorption and PL emission spectra (Figure 6.25) as the starting nanoparticles, which 

indicates that the grafting of the adamantane doesn’t affect the optoelectronic properties 

of the silicon nanoparticles. 

6.2.2 Synthesis of β-cyclodextrin grafted silicon nanoparticles 

β-Cyclodextrin grafted silicon nanoparticles were synthesized as the complementary 

precursor for the silicon nanoparticle arrays. Azido-β-cyclodextrin was grafted onto the 

ω-alkyno-octenyl (20%)-silicon nanoparticles via a CuAAC “click” reaction (Figure 

6.26). 
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Figure 6.26 Synthesis of β-cyclodextrin grafted silicon nanoparticles 

3500 3000 2500 2000 1500 1000 500

Wavenumber/cm
-1

 Cyclodextrin grafted Si NPs

 Alkynyl-terminated Si NPs

Alkynyl peak

O-H

C-O

 

Figure 6.27 FTIR of spectra of ω-alkynyl-octenyl (50%)-Si nanoparticles and β-

cyclodextrin grafted silicon nanoparticles. 

The FTIR spectra of the silicon nanoparticles before and after the “click” reaction 

clearly support the conjugation of the β-cyclodextrin. In Figure 6.27, the FTIR spectrum 

of β-cyclodextrin grafted silicon nanoparticles shows the –OH and C-O stretching 

vibration at 3300 cm
-1

 and 1100 cm
-1 

respectively, while the alkyne C-H stretching 
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vibration of the alkyno-terminated silicon nanoparticle at 3250 cm
-1

 disappears after the 

grafting of β-cyclodextrin. The peak of the aromatic C-H vibration of the triazole group 

which should appear at 3100 cm
-1

 is overlap with the strong –OH stretching peaks. The 

shoulder of the –OH peak at 3100 cm
-1

 may be consider as the signal of the aromatic C-H 

vibration of the triazole group. 

 

Figure 6.28 
1
H NMR spectrum of β-cyclodextrin grafted silicon nanoparticles in DMSO-

D6 

Due to the low solubility of β-cyclodextrin grafted silicon nanoparticles in 

deuterated DMSO, all the peaks from β-cyclodextrin grafted silicon nanoparticles are 

relative weak, while the strong peaks from the deuterated DMSO and water are showing 

on the 
1
H-NMR spectrum (Figure 6.28). However, the triazole proton peak at 7.9 ppm, as 

well as peaks from β-cyclodextrin and alkyl protons from the nanoparticle surface 

supports the grafting of β-cyclodextrin onto silicon nanoparticle surface. A broad peak at 
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6.0 ppm is assigned to the –CH protons on the β-cyclodextrin. Resonances for the –OH 

group on the β-cyclodextrin appears at 4.1 ppm and 4.8 ppm respectively. The resonance 

of the –CH2 group on the β-cyclodextrin which should appear at 3.2 ppm was overlap 

with the strong water peak. Furthermore, methyl protons and methylene protons from 

nanoparticle surface appeared at 0.9-1.8 ppm.  

6.2.3 Synthesis of silicon nanoparticle arrays via “host-guest” self-assembly 

 

Figure 6.29 Synthesis of silicon nanoparticle arrays via “host-guest” self-assembly 

        After obtaining the adamantane grafted silicon nanoparticles and β-cyclodextrin 

grafted silicon nanoparticles, silicon nanoparticle arrays were produced via self-assembly 

based on the “host-guest” interaction between the attached adamantane and β-

cyclodextrin (Figure 6.29).  
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Figure 6.30 TEM images and EDS spectrum of silicon nanoparticles arrays via “host-

guest” self-assembly 

        TEM was performed to support the formation of the silicon nanoparticle arrays after 

the sample was collected from the dialysis tube. The TEM images (Figure 6.30) clearly 

show that the silicon nanoparticle arrays are globular sphere with size in the ranges from 

60-100 nm, and contain multiple 3 to 5 nm-sized silicon nanoparticles. The EDS 

spectrum indicates the silicon inside the nanoparticle arrays.  
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        Unfortunately, the obtained silicon nanoparticle arrays cannot redisperse in any 

solvent after drying out from the aqueous solution, so no other characterization was 

performed. 

6.2.4 Synthesis of water soluble silicon nanoparticle-porphyrin arrays via “host-

guest” self-assembly 

 

Figure 6.31 Synthesis of water soluble silicon nanoparticle-porphyrin arrays via “host-

guest” self-assembly 

        Nanoparticles with certain size can be selectivity accumulated into the tumor cells 

based on the enhanced permeability and retention (EPR) effect.
164

 A new approach of 

synthesizing water soluble silicon nanoparticle-porphyrin arrays via “host-guest” self-

assembly was examined in order to synthesize water soluble silicon nanoparticle-

porphyrin arrays with controllable size, which have great potential application in 

photodynamic therapy. In Figure 6.31, adamantane grafted silicon nanoparticles and oct-
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β-cyclodextrin functionalized porphyrin were mixed with 1:1 ratio in DMF. The solution 

was then dialyzed in water to produce the water soluble silicon nanoparticle-porphyrin 

arrays based on the “host-guest” interaction between the adamantane and β-cyclodextrin. 

 

Figure 6.32 TEM images of silicon nanoparticle-porphyrin arrays in water 

        The TEM images of the silicon nanoparticle-porphyrin arrays in water (Figure 6.32) 

show the clusters are globular with irregular boundaries and contain multiple smaller size 

silicon nanoparticles. The size distribution of the clusters ranges from 80 to 120 nm. The 

cause of the irregular edges may due to the rigid structure of both two precursors and the 

short interparticle distance so that they are not flexible to form the regular boundaries. 

        The UV-Vis spectrum (Figure 6.33) of the silicon nanoparticle-porphyrin arrays in 

water shows an additive absorption from both components, the silicon nanoparticle and 
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the porphyrin, which further supports the formation of nanoparticle arrays because the 

adamantane grafted silicon nanoparticle itself is not water soluble. 
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Figure 6.33 UV-Vis spectrum of silicon nanoparticle-porphyrin arrays in water 

        Moreover, the silicon nanoparticle-porphyrin arrays shows strong emission in water, 

which contains the blue emission from the silicon nanoparticles and the red emission 

from the porphyrin (Figure 6.34). Those sharp peaks around 330 to 450 nm are due to the 

Raman scattering from water. The silicon nanoparticle-porphyrin arrays demonstrated the 

excellent water solubility while maintaining the advantageous optoelectronic properties 

of the silicon nanoparticle and porphyrin, which suggests that these nanoparticle arrays 

can be attractive candidates for photodynamic therapy. 
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Figure 6.34 PL Emission spectra of silicon nanoparticle-porphyrin arrays in water 

       Unfortunately, the obtained silicon nanoparticle arrays cannot redisperse in any 

solvent after drying out from the aqueous solution, so no other characterization was 

performed. 
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6.3 Experimental Section 

6.3.1 Materials and methods 

        All chemicals were purchased from Sigma-Aldrich or Alfa Aesar, and employed 

without further purification unless specified. Tetrahydrofuran (THF) was distilled over 

sodium-benzophenone prior to use. Dichloromethane was distilled over CaH2 before use. 

Silicon wafer (undoped, mirror finish, orientation [111]) was obtained from Silrec Corp. 

(Lexington, KY). Size exclusion chromatography (SEC) was used for the purification of 

nanoparticles. Bio-beads S-X1 were swollen overnight in dry THF and packed into a 

40cm x 1.3cm glass column. Dichloromethane was used as an elution solvent. A 

concentrated nanoparticle solution (~50mg in 1 ml CH2Cl2) was added to the top of the 

column and eluted into 3x10ml fractions collected in separate vials. The first fraction was 

collected when the first colored band began to elute. This fraction contained 

nanoparticles and was used for the synthetic reactions. The second and third fractions, 

containing mostly impurities, were discarded. 

6.3.2 Synthesis of amino-PEGylated silicon nanoparticles 

ω-Alkynyl-octenyl (50%)-silicon nanoparticles (30 mg, obtained from RHEBM) and 

amino-azido-bifunctional PEG (500 Da, 10 mg, 20 µmol) were dissolved in 15 mL of 

THF. Cu(I) bromide (10 mg, 48 µmol) was added into the reaction mixture. The solution 

was stirred at room temperature overnight under nitrogen atmosphere. After removal of 

THF by vacuum distillation 20 mL of dichloromethane and 1 mL of ethylenediamine 

were added. The solution was subsequently washed three times with a saturated brine 

solution. The amino-PEGylated silicon nanoparticles were purified by GPC to removed 

unreacted silicon nanoparticles and excess PEG. Yield: 10-15 mg. 
1
H-NMR (δ, 300 MHz, 
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CD2Cl2): 7.7 (weak broad peak, triazole proton), 4.1-3.2 (multiple, all PEG methylene 

protons), 2.9 (broad, CH2-N), 2.5 (broad, amino protons), 2.2-0.4 (multiple broad peaks, 

alkyl protons on the surface of silicon nanoparticle). FTIR (thin film on KBr): 3150 cm
-1

 

(ν (=C-H) on triazole ring), 2820-2990 cm
-1

 (ν (C-H)), 1500-1750 cm
-1

 (ν (C=C)), 1600 

cm
-1

 (δ (N-H)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (δ (Si-CH)), 1100 cm
-1

 (ν (C-O)), 

1000 cm
-1

 (ν (Si-O)), 950 cm
-1

 and 840 cm
-1

 (δ (N-H)). UV-vis Absorption (in water): 

Single absorption with a tail up to 700 nm. PL emission (in water): 350-700 nm emission 

peaks by changing excitation wavelength from 300-400 nm. 

6.3.3 Synthesis of the amino-terminated silicon nanoparticles via “click” reaction 

ω-Azido-pentenyl (50%)-silicon nanoparticles (30 mg, obtained from RHEBM) and 

propalgylamine (20 mg, 360 µmol) were dissolved in 15 mL of acetonitrile. Cu(I) 

bromide (10. mg, 48 µmol) was added into the reaction mixture. The solution was stirred 

at room temperature overnight under nitrogen atmosphere. After removal of THF by 

vacuum distillation 20 mL of dichloromethane and 1 mL of ethylenediamine were added. 

The solution was subsequently washed three times with a saturated brine solution. The 

amino-terminated silicon nanoparticles were purified by GPC. Yield: 5-10 mg. 
1
H-NMR 

(δ, 300 MHz, CD2Cl2): 7.7 (weak broad peak, triazole proton), 4.3 (broad, 2H), 2.5-0.4 

(multiple broad peaks, alkyl protons on the surface of silicon nanoparticle). FTIR (thin 

film on KBr): 3150 cm
-1

 (ν (=C-H) on triazole ring), 2820-2990 cm
-1

 (ν (C-H)), 1500-

1750 cm
-1

 (ν (C=C)), 1600 cm
-1

 (δ (N-H)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (δ (Si-

CH)), 1000 cm
-1

 (ν (Si-O)), 840 cm
-1

 (δ (N-H)). UV-vis (in water): Single absorption 

with a tail up to 700 nm. PL emission (in water): 350-700 nm emission peaks by 

changing excitation wavelength from 300-400 nm. 



242 

 

6.3.4 Synthesis of the amino-terminated silicon nanoparticles via Staudinger 

Reduction 

ω-Azido-pentenyl (50%)-silicon nanoparticles (30 mg, obtained from RHEBM) and  

triphenylphosphine (20 mg, 76 µmol) were dissolved in 15 mL of acetonitrile. The 

solution was stirred at room temperature overnight under nitrogen atmosphere. After that, 

the solution was poured into 20 mL ice water to quench the reaction, and the THF in the 

mix solution was removed by vacuum distillation, and the product was extracted by 20 

mL of dichloromethane twice. The obtained nanoparticle solution in dichloromethane 

was subsequently washed three times with a saturated brine solution. The crude amino-

terminated silicon nanoparticles were purified by GPC. Yield: 15-20 mg. FTIR (solid IR): 

3300 cm
-1

 (ν (N-H)), 2820-2990 cm
-1

 (ν (C-H)), 1500-1750 cm
-1

 (ν (C=C)), 1600 cm
-1

 (δ 

(N-H)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (δ (Si-CH)), 1000 cm
-1

 (ν (Si-O)), 950 cm
-1

 

(δ (N-H)).  

6.3.5 Synthesis of carboxylic acid-functionalized silicon nanoparticles 

ω-Azido-pentenyl (50%)-silicon nanoparticles (30 mg, obtained from RHEBM) and 

propiolic acid (20 mg, 286 µmol) were dissolved in 15 mL of acetonitrile. Cu(I) bromide 

(10. mg, 48 µmol) was added into the reaction mixture. The solution was stirred at room 

temperature overnight under nitrogen atmosphere. After removal of THF by vacuum 

distillation 20 mL of dichloromethane was added. The solution was subsequently washed 

three times with a saturated brine solution. The carboxylic acid funtionalized silicon 

nanoparticles were purified by GPC. Yield: 20-25 mg. 
1
HNMR (δ, 300 MHz, CD2Cl2): 

7.7 (weak broad peak, triazole proton), 4.3 (broad, 2H), 2.2-0.4 (multiple broad peaks, 

alkyl protons on the surface of silicon nanoparticle). FTIR (thin film on KBr): 3300 cm
-1
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(ν (O-H)), 3150 cm
-1

 (ν (=C-H) on triazole ring), 2820-2990 cm
-1

 (ν (C-H)), 1500-1750 

cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (δ (Si-CH)), 1000 cm
-1

 (ν (Si-O)).  

6.3.6 Synthesis of alkynyl-methyl viologen 

Mono-methyl viologen (30 mg, 100 µmol) and propargyl bromide (15 mg, 126 µmol) 

were dissolved in 5 mL of acetonitrile. The solution was stirred at room temperature 

overnight under nitrogen atmosphere. After that, the product was collected by vacuum 

filtration followed by vacuum dry overnight. The yield is 37 mg, 82%. 
1
H-NMR (δ, 300 

MHz, D2O): 9.5-8.6 (m, aromatic protons, 4H), 6.5 (s, 1H), 6.2 (m, 2H), 4.5 (s, 3H).  

6.3.7 Synthesis of methyl viologen-functionalized silicon nanoparticles via “click” 

reaction 

ω-Azido-pentenyl (50%)-silicon nanoparticles (30 mg, obtained from RHEBM) and 

alkynyl-methyl viologen (10 mg, 24 µmol) were dissolved in 15 mL of acetonitrile. Cu(I) 

bromide (10. mg, 48 µmol) was added into the reaction mixture. The solution was stirred 

at room temperature overnight under nitrogen atmosphere. After that the product was 

precipitated out by adding 20 mL water. Then the product was collected by vacuum 

filtration followed by vacuum dry overnight. Yield: 25-30 mg. FTIR (solid IR): 3300 cm
-

1
 (ν (N-H)), 3150 cm

-1
 (ν (=C-H) on triazole ring), 2820-2990 cm

-1
 (ν (C-H)), 1500-1750 

cm
-1

 (ν (C=C)), 1600 cm
-1

 (δ (N-H)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (δ (Si-CH)), 

1000 cm
-1

 (ν (Si-O)), 950 cm
-1

 (δ (N-H)). 
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6.3.8 Synthesis of methyl viologen-functionalized silicon nanoparticles via a 

nucleophilic displacement reaction 

ω-Chloro-pentenyl (50%)-silicon nanoparticles (30 mg, obtained from RHEBM) and 

mono-methyl viologen (10 mg, 33 µmol) were dissolved in 15 mL of DMF. The solution 

was reflux overnight under nitrogen atmosphere. After that the product was precipitated 

out by adding 20 mL water. Then the product was collected by vacuum filtration 

followed by vacuum dry overnight. The yield is 26 mg, 65%. 
1
H-NMR (δ, 300 MHz, 

DMSO-D6): 9.0-1.0 (m, aromatic protons), 4.0-0.4 (multiple broad peaks, alkyl protons 

on the surface of silicon nanoparticle). 

6.3.9 Synthesis of adamantane grafted silicon nanoparticles 

ω-Alkynyl-octenyl (20%)-silicon nanoparticles (30 mg, obtained from RHEBM) and 

azido-adamantane (10 mg, 56 µmol) were dissolved in 15 mL of THF. Cu(I) bromide (10. 

mg, 48 µmol) was added into the reaction mixture. The solution was stirred at room 

temperature overnight under nitrogen atmosphere. After removal of THF by vacuum 

distillation 20 mL of dichloromethane and 1 mL of ethylenediamine were added. The 

solution was subsequently washed three times with a saturated brine solution. The 

adamantane grafted silicon nanoparticles were purified by GPC to removed unreacted 

silicon nanoparticles and excess adamantane. Yield: 25-30 mg. 
1
H-NMR (δ, 300 MHz, 

CD2Cl2): 7.5 (weak broad peak, triazole proton), 2.2 (broad, adamantane protons), 1.9 

(broad, adamantane protons), 1.8-0.4 (multiple broad peaks, alkyl protons on the surface 

of silicon nanoparticle). FTIR (thin film on KBr): 3150 cm
-1

 (ν (=C-H) on triazole ring), 

2820-2990 cm
-1

 (ν (C-H)), 1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ (C-H)), 1250 

cm
-1

 (δ (Si-CH)), 1000 cm
-1

 (ν (Si-O)), 850 cm
-1

 (ν (Si-C)). UV-vis Absorption (in DCM): 
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Single absorption with a tail up to 600 nm. PL emission (in water): 350-700 nm emission 

peaks by changing excitation wavelength from 300-400 nm. 

6.3.10 Synthesis of β-cyclodextrin grafted silicon nanoparticles 

ω-Alkynyl-octenyl (50%)-silicon nanoparticles (30 mg, obtained from RHEBM) and 

azido-β-cyclodextrin (20 mg, 18 µmol) were dissolved in 15 mL of THF. Cu(I) bromide 

(10. mg, 48 µmol) was added into the reaction mixture. The solution was stirred at room 

temperature overnight under nitrogen atmosphere. After removal of THF by vacuum 

distillation 20 mL of dichloromethane and 1 mL of ethylenediamine were added. The 

solution was subsequently washed three times with a saturated brine solution. The β-

cyclodextrin grafted silicon nanoparticles were purified by SEC to removed unreacted 

silicon nanoparticles and excess β-cyclodextrin. Yield: 25-30 mg. 
1
H-NMR (δ, 300 MHz, 

DMSO-D6): 7.9 (weak broad peak, triazole proton), 6.0 (broad, -CH), 5.8 (broad, -OH), 

4.1 (broad, -OH), 3.9 (broad, -CH), 2.0-0.4 (multiple broad peaks, alkyl protons on the 

surface of silicon nanoparticle). FTIR (solid IR): 3300 cm
-1

 (ν (O-H)), 2820-2990 cm
-1

 (ν 

(C-H)), 1500-1750 cm
-1

 (ν (C=C)), 1465-1376 cm
-1

 (δ (C-H)), 1250 cm
-1

 (δ (Si-CH)), 

1100 cm
-1

 (ν (C-O)), 1000 cm
-1

 (ν (Si-O)), 850 cm
-1

 (ν (Si-C)). 

6.3.11 Synthesis of silicon nanoparticle arrays via “host-guest” self-assembly 

Adamantane grafted silicon nanoparticles (10 mg) and β-cyclodextrin grafted silicon 

nanoparticles (10 mg) were dissolved in 5 mL of DMSO. The solution was dialyzed in 

water overnight. After that, the solution inside the dialysis tube was collected and 

sonicated for 1 hour, and the obtained solution was characterized by TEM. Yield: 16 mg. 
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6.3.12 Synthesis of silicon nanoparticle-porphyrin arrays via “host-guest” self-

assembly 

Adamantane grafted silicon nanoparticles (10 mg) and oct-cyclodextrin 

functionalized porphyrin (10 mg, obtained from Dr. Jayawickramarajah’s group) were 

dissolved in 5 mL of DMF. The solution was dialyzed in water overnight. After that, the 

solution inside the dialysis tube was collected and sonicated for 1 hour, and the obtained 

solution was characterized by TEM, UV-Vis spectroscopy and photoluminescence 

spectroscopy. Yield: 15 mg. UV-vis Absorption (in water): broad absorption in 250-380 

nm, Soret band absorption at 425 nm, Q band absorption at 560 nm, 600 nm and 650 nm. 

PL emission (in water): Blue region (350-550 nm) and red region (550-750 nm) emission 

peaks by changing excitation wavelength from 300-420 nm. 

6.3.13 Analytical methods 

6.3.13.1 NMR sample preparation and acquisition 

NMR samples were prepared by vacuum drying ~1.5 mL of the silicon nanoparticle 

solution, adding 0.8 mL of the preferred deuterated solvent, and then transferring the 

solution to a 5 mm NMR tube. 
1
H-NMR measurements were performed on a Bruker 

Avance 300 spectrometer equipped with a 5 mm BBO probe. 

6.3.13.2 Infrared spectroscopy 

FTIR spectra were recorded at 1 cm
-1

 resolution with 1000 scans on a Thermo 

Nicolet NEXUS 670 FTIR instrument. Samples were prepared as a thin film of 

passivated silicon nanoparticles prepared by depositing dichloromethane solution of 
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silicon nanoparticles on a KBr plate. The FT-IR sample chamber was purged with dry 

nitrogen before collecting any data. 

6.3.13.3 UV-vis absorption and photoluminescence spectroscopy 

UV-Vis absorption spectra were recorded in a quartz cuvette (1cm), using a Cary 50 

spectrophotometer and were corrected for the solvent absorption. The scan range was 

200-800 nm with a 300 nm min
-1

 scan rate. Excitation-emission spectra were recorded in 

a quartz cuvette (1cm), using a Varian Cary Eclipse spectrofluorometer with a scan rate 

of 120 nm min
-1

. 

6.3.13.4 Transmission electron microscopy 

High-resolution transmission electron microscopy (TEM) studies were performed 

with a JEOL 2011 TEM using an accelerating voltage of 200 kV or a Tecnai G2 TEM 

using an accelerating voltage of 300 kV. The EDX data were obtained in the TEM using 

an Oxford Inca or Bruker attachment, using a 3nm beam spot. TEM samples were 

prepared by dropping a sonicated diluted solution of silicon naoparticles in toluene or 

water onto a carbon-coated 400 mesh carbon coated copper grid which placed on a filter 

paper. The filter paper soaked up the excess solution before inserting in grid in the TEM 

sample holder. 
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Chapter 7: Conclusion and Future Direction 

7.1 Conclusion 

Mechanochemical synthesis via reactive high energy ball milling (RHEBM) is an 

efficient and facile way to produce passivated silicon nanoparticles with various terminal 

functional groups. These functionalized silicon nanoparticles can be used as precursors 

for solar energy materials and biocompatible materials via further modification. 

The surface structure and optical properties of the passivated silicon nanoparticles 

have been systematically characterized to confirm the successful production of the 

nanoparticles via RHEBM. Due to the polydispersity of the silicon nanoparticles, and the 

tendency of alkynes to undergo cyclotrimerization reactions to form trisubstituted 

benzene during the ball milling, a fast approach for purifying and size separating the 

silicon nanoparticles using a gravity GPC column has been developed. The 

hydrodynamic diameters and size distribution of the separated silicon nanoparticles have 

been characterized using GPC and DOSY NMR analysis due to the limitation of TEM for 

characterizing ultra-small size silicon nanoparticles. The results show the excellent 

effectiveness of GPC and DOSY NMR as reliable approaches for determining the 

nanoparticle sizes. These two methods are faster and more cost-effective compared to 

TEM alone. 

“Click” chemistry is an attractive tool for functionalizing silicon nanoparticles 

because of its high yields, modular approach, and broad functional group tolerance 

compared to hydrosilylation or other organometallic methods.  The copper (I) catalyzed 

azide-alkyne cycloaddition (CuAAC) in particular is one of the most efficient "click" 
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reactions due to its high selectivity and mild reaction conditions. CuAAC “click” reaction 

has been used to functionalize or assemble the passivated silicon nanoparticles with 

certain organic dye molecules and polymers. The resultant silicon nanoparticles and 

silicon nanoparticle arrays can be used for further photovoltaic and biological application.  

Water soluble PEGylated silicon nanoparticles were synthesized through the 

application of CuAAC “click” chemistry using azido functionalized nanoparticles and 

mono-alkynyl-PEG polymers. PEG is an ideal polymer for the modification of 

nanostructured materials based on its intrinsic biocompatibility and water solubility. The 

PEGylated silicon nanoparticles exhibited vastly improved water solubility while 

maintaining the strong blue photoluminescence associated with the unmodified 

nanoparticles. Cytotoxicity studies of these water soluble silicon nanoparticles were 

performed in vitro and had demonstrated the low cytotoxicity of the PEGylated silicon 

nanoparticles. 

In addition, a new class of PEGylated silicon nanoparticle arrays were prepared by 

crosslinking functionalized silicon nanoparticles with α,ω-bis-difunctional-PEG polymers. 

These colloidal photoluminescent nanoparticle arrays have flexible globular structures in 

which the swelling behavior may be readily tuned by controlling the length of the PEG 

linkers. The strong PL emission suggests these PEGylated Si nanoparticle arrays may be 

used for bioimaging and labeling purposes. Additionally, the porous structure of these 

globular arrays portends the potential application in drug delivery, since the silicon 

nanoparticles are known to degrade in vivo. The ability to simultaneously incorporate 

both the imaging and therapeutic applications within one nanomaterial, as well as tune 
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the swelling behavior, suggests that these materials have relevance to the rapidly growing 

field of theranostics. 

Zn-porphyrin functionalized silicon nanoparticles also have been synthesized via the 

CuAAC “click” reaction using the azide-terminated silicon nanoparticles and mono-

alkynyl-zincpoprhyrin. The energy transfer process within the silicon nanoparticle-

porphyrin systems has been shown by steady-state and time-resolved fluorescence 

measurements. The azide-terminated silicon nanoparticles are excellent energy donors 

with Zn-porphyrin acceptor molecules. A simple tuning of the ratio and distance between 

the donor and acceptor can give desirable energy transfer efficiency up to 52% in the case 

of a short linker and higher acceptor-donor ratio. The energy transfer rate were calculated, 

which are very high for all examined systems and follow the distance dependence based 

on Forster energy transfer theory.  

Furthermore, C60 has been added into the silicon nanoparticle-porphyrin system to 

form the silicon nanoparticle-porphyrin-fullerene nanocluster based on the π-π interaction 

between the Zn-porphyrin and fullerene. The photoinduced electron transfer process 

inside the nanocluster has been confirmed by femto-second transient absorption 

spectroscopy, which proving the ability of porphyrin-Si nanoparticle hybrid system to 

effect the charge separation. Thus, the Zn-porphyrin functionalized silicon nanoparticles 

are highly promising as novel artificial photosynthetic materials. This study should 

provide basic and valued information for the design of chromophore-modified silicon 

nanoparticles necessary for the constructing of efficient solar cells. 
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A water soluble PEGylated porphyrin grafted silicon nanoparticle system, in which 

the silicon nanoparticles were used as nanocarriers, has been synthesized for 

photodynamic therapeutic application. The PEGylated porphyrin functionalized silicon 

nanoparticles were obtained by conjugating the PEGylated alkynyl-porphyrins 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. The cell studies have 

demonstrated that the silicon nanoparticle could deliver the porphyrin drugs into 

HEK293T cells while the porphyrin could serve as an efficient photosensitizer to kill 

these cells via mitochondrial apoptotic pathway. The functionalized silicon nanoparticles 

exhibited lower dark cytotoxicity compared to the free PEGylated porphyrin, and a more 

efficient photodynamic therapy was observed in vitro. 
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7.2 Future direction 

7.2.1 Synthesis of mono-functionalized silicon nanoparticles 

        Unlike small molecules or polymers, chemical reactions on nanoparticles are 

difficult to control due to the uncertain number of the functional groups on the 

nanoparticle surface. Usually, it is possible to tune the percentage surface coverage of the 

functional group, but impossible to accurately control with certainty the number of 

functional groups on the nanoparticle surface. Therefore, an approach to prepare silicon 

nanoparticles with a discrete number of functional groups is desirable in order to 

accurately control the surface modification and assembly of the silicon nanoparticles. 

 

Figure 7.1 The proposed synthesis approach of mono-functionalized silicon 

nanoparticles 
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          Polystyrene Wang resin is the most widely used resin in solid phase organic 

synthesis.
181

 It also has been used as solid-supports to synthesize monofunctional gold 

nanoparticles via a noncovalent interaction based solid-phase modification approach.
182

 

Hence, we propose an approach to synthesize the mono-functionalized silicon 

nanoparticles via a heterogeneous CuAAC “click” reactions (Figure 7.1). Attachment of a 

carboxylic acid can be achieved with N,N'-dicyclohexylcarbodiimide (DCC)/4-

dimethylaminopyridine (DMAP).
102

 Cleavage of esters to provide the corresponding 

carboxylic acids can be obtained using concentrated trifluoroacetic acid (TFA) or TFA-

dichloromethane (DCM). In our proposal, the anhydride of 4-pentynoic acid will be 

reacted with polystyrene Wang resin to obtain an alkyne functionalized resin which can 

react with azide terminated silicon nanoparticles via a heterogeneous "click" reaction. If 

the alkyne functional group density of Wang resin is low enough, the neighboring alkyne 

groups on the surface of Wang resin are sufficiently far apart, which ruling out the 

possibility that more than one alkyne groups react with the same azide terminated silicon 

nanoparticle. When the alkyne functionalized Wang resin are allowed to react with azide 

terminated silicon nanoparticles, only one Wang resin will be attached to the nanoparticle. 

After cleavage from the resin, silicon nanoparticle with monocarboxylic acid functional 

group will be obtained. Those mono-functionalized silicon nanoparticles can be applied 

to a series of reactions with various molecules to obtain systems with well-designed 

structure. 
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7.2.2 Fabrication of solar cell based on silicon nanoparticle-porphyrin system 

7.2.2.1 Fabrication of solar cell based on silicon nanoparticle-porphyrin-fullerene 

nanocluster 

        Since the silicon nanoparticle-porphyrin system based light harvesting material has 

been successfully synthesized and its ability of a effecting the charge separation after 

capturing light energy have been demonstrated,  the next step would be fabricating a 

hybrid solar cell based on the silicon nanoparticle-porphyrin system and determining the 

power conversion efficiency that it can achieve. 

 

Figure 7.2 Schematic of a silicon nanoparticles-porphyrin-fullerene hybrid solar cell 

Based on the method that developed by Kortshagen and coworkers,
78, 82

 we propose 

to fabricate the silicon nanoparticles-porphyrin-fullerene hybrid solar cell (Figure 7.2). 

The solar cells can be fabricated by spin-coating silicon nanoparticle-porphyrin-fullerene 
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nanocluster onto the indium tin oxide (ITO) coated glass substrates. The ITO-coated 

substrates will be first patterned using photolithography and etched with acid before the 

coating process. The patterned ITO substrates will be cleaned and treated with an oxygen 

plasma to clean the surface and make it hydrophilic.
183

 The poly(3,4-ethylenedixoy-

thiophene)/poly(styrenesulfonate) (PDOT:PSS) can then be spun onto the oxygen-

plasma-treated ITO substrates. After removing the excess water in the PDOT:PSS film, 

the solution with silicon nanoparticle-porphyrin-fullerene nanocluster will be spun on the 

top of the PDOT:PSS layer. Finally, the aluminum electrodes can be evaporated on the 

top of the nanoparticle film to complete the thin film solar cells. 

 

Figure 7.3 Schematic of charge separation in silicon nanoparticles-porphyrin-fullerene 

hybrid solar cell 
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Figure 7.3 shows the charge separation process inside the solar cells. After silicon 

nanoparticle capturing the light energy, the energy will transfer from the silicon 

nanoparticle to the porphyrin unit and induce the charge separation between the 

porphyrin and fullerene. The electron will finally transfer to the Al electrode while the 

positive charge will move the ITO layer.  

7.2.2.2 Layer-by-layer surface modification of TiO2 thin films with a silicon 

nanoparticles-porphyrin system 

        Another potential application of the silicon nanoparticle-porphyrin light harvesting 

complex in solar cell will be applied in the surface modification of titania. Titania is one 

of the leading candidates for photo-electrodes in photoelectrochemical cells
184

. However, 

titania has very low energy conversion efficiency of less than 1%.
185

 In order to increase 

the energy conversion efficiency, the titania surface has been modified with organic 

dyes.
186

  

 

Figure 7.4 Proposed synthesis of 4-ethynylphenylacetic acid 

        We propose to modify the titania with silicon nanoparticle-porphyrin complex via a 

series of reactions. First, 4-ethynylphenylacetic acid will be synthesized from 4-

bromophenylacetic acid (Figure 7.4) and immobilized on the surface of titania plate to 

achieve alkyne group capped titania plate. Alkyne capped titania plates can be modified 
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by a mono-layer of Si nanoparticles via a "click" reaction with azide terminated Si 

nanoparticles. To achieve further modification of titania plate with multiple Si 

nanoparticle layers, the alkyne capped titania plate will reacted with different sizes Si 

nanoparticles (from larger size to smaller size) and bis-alkynyl-porphyrin, layer by layer 

(Figure 7.5). The tendency of the size decreasing of silicon nanoparticles in each layer 

will result the increasing of the band gap, which can enhance the electron transfer from 

the silicon nanoparticle layers to the TiO2 thin film.  
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Figure 7.5 Schematic of layer by layer surface modification of TiO2 plate with silicon 

nanoparticle-porphyrin complex 

Due to the light harvesting ability of the silicon nanoparticle-porphyrin complex, we 

expect the energy conversion efficiency of the titania will be increased. 
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7.2.3 Further modification of PEGylated porphyrin-silicon nanoparticle system to 

enhance their selectivity for photodynamic therapy 

7.2.3.1 Synthesis of PEGylated porphyrin-silicon nanoparticle micelles with 

controllable size 

 

Figure 7.6 Schematic of synthesis PEGylated porphyrin functionalized silicon 

nanoparticle array 

        One well-known strategy to enhance the selectivity of the nanoparticles 

accumulating into the cancer cells is based on the enhanced permeability and retention 

(EPR) effect that certain sizes of nanoparticles tend to accumulate in tumor tissue much 

more than they do in normal tissues. As discussed previously in Chapter 5, the PEGylated 

porphyrin grafted silicon nanoparticles can form the micelle-like nanostructures via self-

assembly in aqueous media. However, the size of these micelle structures is 
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uncontrollable. Hence, we propose to synthesize the PEGylated porphyrin functionalized 

silicon nanoparticle arrays with tunable size. 

        Figure 7.6 shows the potential synthetic route to the new PEGylated porphyrin 

functionalized silicon nanoparticle arrays. First, the ω-azido-PEGylated-porphyrin will be 

obtained from an esterification reaction between the tetra-carboxylicacid-porphyrin and 

the amino-azido-bifunctional-PEG. Then the PEGylated porphyrin functionalized silicon 

nanoparticle arrays can be prepared by crosslinking functionalized silicon nanoparticles 

with the ω-azido-PEGylated-porphyrin. Similar as discussed in Chapter 3, the size of 

these arrays can be tuned by changing the surface coverage of the alkyne groups on the 

silicon nanoparticles, or the chain length of the PEG polymers. 

7.2.3.2 Conjugation of PEGylated porphyrin-silicon nanoparticle system with 

cellular targeting ligands 

        Another strategy to enhance the selectivity of nanoparticles is to conjugate the 

cellular targeting ligands, which can be recognized by the cancer cells, onto the surface of 

the nanoparticles. Many studies have been done on the conjugation of various cellular 

targeting ligands, such as folic acid
187

, natural
188

 and artificial
189

 bioactive peptides and 

large T antigen proteins
190

, onto the gold nanoparticles to enhance the internalization and 

cellular uptake of the nanoparticles by cancer cells. According to the method developed 

by Nam and coworkers
191

, we propose a new cyclic RGD (arginine-glycine-aspartic acid) 

PEGylated porphyrin grafted silicon nanoparticle system as a multifunctional 

photosensitizer for photodynamic therapy, in which the cyclic RGD small peptides act as 

the targeting ligand to the αvβ3 integrin on the tumor cell membranes.  
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Figure 7.7 Schematic of synthesis of amino-PEGylated porphyrin and RGD-PEGylated 

porphyrin grafted silicon nanoparticles. 

        Figure 7.7 shows the potential synthetic route to the new CRGD (cysteine-arginine-

glycine-aspartic acid) PEGylated porphyrin functionalized silicon nanoparticle. First, the 

ω-triamino-alkynyl-PEGylated-porphyrin will be obtained from an esterification reaction 

between the tricarboxylicacid-alkynyl-porphyrin and the bis-amino-PEG. Then the 

amino-PEGylated-porphyrin can be conjugated to the azido-terminated silicon 

nanoparticles via azide-alkyne “click” reaction. Finally, after treating the obtained amino-

PEGylated porphyrin grafted silicon nanoparticles with malic anhydride, the CRGD can 

be conjugated onto the nanoparticles via the maleimide-thiol reaction. 
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