
 



Abstract 

 Silicon nanoparticles are of great interest in a great number of fields. Silicon 

nanoparticles show great promise particularly in the field of bioimaging. Carboxylic acid 

functionalized silicon nanoparticles have the ability to covalently bond to biomolecules through 

the conjugation of the carboxylic acid to an amine functionalized biomolecule. This thesis 

explores the synthesis of silicon nanoparticles functionalized by both carboxylic acids and 

alkenes and their carboxylic acid functionality. Also discussed is the characterization of the 

silicon nanoparticles by the use of x-ray spectroscopy. Finally, the nature of the Si-H bond that is 

observed on the surface of the silicon nanoparticles will be investigated using photoassisted 

exciton mediated hydrosilation reactions. 

  The silicon nanoparticles are synthesized from both carboxylic acids and alkenes. 

However, the lack of solubility of diacids is a significant barrier to carboxylic acid 

functionalization by a mixture of monoacids and diacids. A synthesis route to overcome this 

obstacle is to synthesize silicon nanoparticles with terminal vinyl group. This terminal vinyl 

group is distal to the surface of the silicon nanoparticle. The conversion of the vinyl group to a 

carboxylic acid is accomplished by oxidative cleavage using ozonolysis.  

 The carboxylic acid functionalized silicon nanoparticles were then successfully 

conjugated to amine functionalized DNA strand through an n-hydroxy succinimide ester 

activation step, which promotes the formation of the amide bond. Conjugation was characterized 

by TEM and polyacrylamide gel electrophoresis (PAGE). The PAGE results show that the 

silicon nanoparticle conjugates move slower through the polyacrylamide gel, resulting in a 

significant separation from the nonconjugated DNA.  



The silicon nanoparticles were then characterized by the use of x-ray absorption near 

edge spectroscopy (Xanes) and x-ray photoelectron spectroscopy (XPS) to investigate the 

bonding and chemical environment of the silicon surface of the nanoparticles. Modeling of the 

silicon nanoparticles and theoretical XANES spectra were also accomplished through the use of 

the FEFF9 software package. Results validate the infrared spectra results of more oxygen bound 

to the surfaces of larger silicon nanoparticles and less oxygen bound to smaller silicon 

nanoparticles. 

 The photoluminescence was shown to greatly increase in yield after photoassisted exciton 

mediated hydrosilation. This has led to an increase of the luminescence yield of over an order of 

magnitude.  
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Chapter 1: Introduction. 

Section 1.1: Background 

Nanotechnology is a developing field with much interest due to its use in biomedical 

diagnostics, electronics, and in energy storage and generation.1 The term Nanotechnology 

was coined by Professor Norio Taniguchi while studying the use of ultrafine machining. It 

wasn’t until 1981that the tunneling microscope was invented which was the first time that 

atoms themselves could be visualized. This advance really catalyzed the growth of 

nanotechnology. With the ability to verify the size and conformation of structures composed 

of just several atoms, the field began to slowly grow and has become one of the leading 

interests in research today. A nanostructure is generally defined as objects having a 

characteristic dimension between 1 and 100 nanometers, shown increased control of light 

spectrum, and increased chemical reactivity than their larger-scale counterparts.2 The field of 

nanotechnology includes such topics as: micro-machining, synthesis of nanotubes, 

nanoparticles, and nanowires.  

 

Section 1.2: Quantum confinement 

 Semiconductors are materials with electronic properties between those of conductors 

(metals) and insulators. A bulk solid semiconductor can be described as having a filled 

valence band and an empty conduction band. At T = 0 K there is no probability of an electron 
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being promoted from the valence band to the conduction band, which would make it act like 

an insulator at that temperature. Insulators are defined by the fact that the conduction band is 

either completely filled or is completely empty and that the bandgap is much higher than the 

available Boltzman energy. However, when T > 0˚K, there is an increasing probability that 

an electron can be promoted to the conduction band. This probability, which is increased by 

the temperature is what defines the material as a semiconductor.3 A conductor (metal) 

already has one partially filled conduction band and thus can easily accept an electron. When 

the size of the material is shrunk till it approaches the Bohr radius, these band structures take 

on discrete energy levels which are more reminiscent of discrete molecular orbitals. This is 

illustrated in Figure 1.1. 

 

 

Figure 1.1 Schematic of the energy levels of molecular dyes, quantum dots, and bulk 

semiconductors.3 
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Silicon particles smaller than the Bohr radius (5 nm in silicon) gives rise to size 

dependent bandgaps in a phenomenon known as quantum confinement. As the size of the 

particle decreases there is an increase in the size of the band gap.1, 4-5 This leads to the ability 

to tune the luminescence by the bandgap of the nanoparticle.6 The resulting luminescence is 

equal to the energy of the band gap, giving rise to photons of different color (energy). 

 

Section 1.3: Quantum Dots 

Semiconductor nanoparticles are commonly referred to as quantum dots, as quantum 

confinement dominates their luminescence properties.7 Two of the most studied systems are 

that of semiconductor group II-VI materials such as CdSe and CdS.  These systems produce 

QD’s with very well defined luminescence that corresponds to the quantum confinement 

theory based on their size.8 The visible colors from the luminescence of CdSe QD’s of 

different sizes can be seen in Figure 1.2. 

 

Figure 1.2 Luminescence of CdSe QD’s of increasing size from left to right.8 
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 QD’s have shown the potential for use in the biomedical field, photodetectors, and 

photovoltaics. Their use in the biomedical field shows great promise over the molecular dyes 

that were previously used. QD’s absorb over a large spectrum which is a great advantage 

over molecular dyes. Molecular dyes normally have very narrow excitation ranges and broad 

emission spectra. Molecular dyes normally have to be excited in close proximity to the 

emission range. This leads to background scattering which decreases their usefulness as a 

biolabel.  

However, since QD’s can be excited over such a broad range, the emission can easily 

be differentiated from the excitation. Also, since QD’s can emit in such narrow well defined 

emissions, several QD’s of different sizes can be used to label several different targets 

without obscuring each other.9 This is usually done using a single excitation source as the 

QD’s absorb over such a large range. 

Another advantage of QD’s over molecular dyes is the stability of the QD’s to 

photobleaching. Molecular dyes have short lifetimes before their use is degraded by the 

excitation wavelength causing chemical changes to the dye. QD’s are stable to the excitation 

light source and will display continuous strong fluorescent emission.9  Also, the QD’s have 

higher quantum yields which means less concentration of QD’s are needed as compared to 

molecular dyes.9 

Since one application for QD’s is its use in bioimaging of living tissues, QD’s must 

be water soluble. This has been done by encapsulating the QD’s with a shell of block 

copolymers or phospholipid micelles which have shown excellent results in increasing the 

water solubility properties of the QD’s. Also, the QD’s must be able to be conjugated to 
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different biomolecules to be able to target the tissues of interest. This has also been done 

through the use of the encapsulating ligands.9 

While the CdSe and other such group II-VI QD’s show great promise in their use 

based on the tailorability of the luminescence, stability to photobleaching, water solubility, 

and their ability to be conjugated to biomolecules, they are not suitable for use in biomedical 

devices due to their cytotoxicity.1, 3, 10  Leaching of cadmium leads to heavy metal poisoning 

which has led to a need for “cadmium –free quantum dot” research to find a replacement.1 

One such candidate that is showing great promise is silicon. 

 

Section 1.4: Silicon Quantum Dots 

 

 Silicon is of great interest because of how well the chemistry is developed. It is used 

extensively throughout the electronics industry and is the second most abundant element in 

the earth’s crust. The extensive study of silicon chemistry on flat surfaces under ultrahigh 

vacuum conditions has given extensive insight into how chemical reactions on the silicon 

nanoparticles surfaces occur.11 Silicon nanoparticles are luminescent, non-cytotoxic, water 

soluble through surface ligands, and able to be conjugated to biomolecules. Having met these 

requirements, silicon presents itself as a positive candidate for further research into its use as 

a bio-labeling platform. 
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Origin of Luminescence 

 

Figure 1.3 Indirect band gap of silicon. 1) Direct Γ-Γ transition. 2) Γ-X transition, least 

energetic transition (needs phonon assistance). 3) Γ-L transition (needs phonon assistance).12 

 

Silicon as an indirect band gap semiconductor requires the use of a phonon to assist in 

a transition of an electron between the valence band and the conduction band. This required 

phonon emission or absorption decreases the probability of the electron transition. This 

addition barrier causes silicon to have a lower efficiency of light absorption and also a lower 

efficiency of photoluminescence. As seen in Figure 1.3, the maximum of the valence band 

does not line up with the minimum of the conduction band, which requires the assistance of a 

phonon to match the energy of the electron transition. 
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However, when the size of the silicon is reduced to a nanocrystal, the periodic 

boundaries disappear.13 This means that the Bloch states and the K vector (crystal 

momentum) disappear and the nature of the band gap becomes more direct-like.13 Shrinking 

the size 3-dimensionally increases the probability of luminescence, as the probability of the 

exciton encountering a grain boundary or surface defect, which could result in a non-

radiative electron-hole recombination.14-15 That is to say, that an electron bound in a very 

small space will have a higher probability of recombining and luminescing, than finding a 

defect or grain boundary. Silicon nanocrystals prepared from high purity reagents prepared at 

high temperatures or using gas-phase methods do exhibit quantum confinement size 

dependent luminescence.1 However, not all silicon nanocrystals described in the literature 

follow this. 

Nanocrystals prepared in the gas phase were studied by Meier et al. and found to be 

mostly spherical. Meier found that the absorbance and emission spectra showed indirect 

bandgap characteristic that was in agreement with calculations done based on a size 

dependent oscillator strength (Figure 1.4 and 1.5).4 Meier used Fermi’s golden rule and the 

common definition of the oscillator strength to link the radiative recombination time to the 

oscillator strength, thus allowing for extraction of size data from the spectral data. 
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Figure 1. 4. Observed absorbance spectra of silicon nanoparticles.4 

 

Figure 1.5 Calculated absorbance spectra of silicon nanoparticles.4 
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These results show indirect band gap character is observed with the experimental results as 

well as with the calculated results. A direct band gap character would have manifested itself 

as a linear fit of oscillator strength with decreasing nanoparticles size, which is not observed.4 

While the luminescence is generally controlled by the quantum confinement effect, it 

is also influenced by surface defect states and by oxygen being present on the surface of the 

nanoparticle. There is still much discussion about the origin of the luminescence in many of 

the silicon nanoparticles that do not follow the effective mass approximation (EMA) of 

quantum confinement. Studies have shown that blue luminesce can arise from surface 

radiation recombination created by trapping on surface dimer sites or constrained relaxation 

on the surface in 1 nm silicon nanoparticles.16  

Surface oxidation also plays a role in the luminescence energy of the nanoparticles. 

Hua et al. showed that by oxidizing the surface of silicon nanoparticles, yellow emitting 

silicon nanoparticles would become blue emitting nanoparticles as shown in Figure 1.6.17  
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Figure 1. 6. Photographs showing photoluminescence from styrene grafted 

silicon nanoparticles after different periods of time under 254 nm UV illumination. For the 

photographs, the particles were illuminated with a 355 nm handheld UV lamp. 

 

Some nanoparticle syntheses only report blue emitting silicon nanocrystals. Heintz et 

al. reported silicon nanoparticles with a variety of surface coverages including Si-O and Si-C 

passivation of the surface, yet only observed blue luminesce (Figure 1.7).5 
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Figure 1.7.  UV-Vis absorbance (left axis) and uncorrected emission spectra observed at 

various excitation wavelengths (right axis) of alkenyl passivated silicon nanoparticles 

produced by milling in 1-octyne for 24 hours (inset: photograph of the PL of the 

nanoparticles).5 

 

The origin of luminesce in silicon nanoparticles is still a field of interest and 

controversy. Depending on the method of synthesis, different photoluminescence may be 

obtained. Due to this, a more complete understanding of the origins of luminescence in 

silicon nanoparticles is still needed.  
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Section 1.5: Methods of Silicon nanoparticle synthesis 

 Numerous methods have been implemented for the synthesis of silicon nanoparticles. 

These methods of synthesis can generally be broken down to either: top down or bottom up 

methods. Top down methods are characterized as methods in which bulk silicon is the 

starting point and it is reduced to the nanometer size regime. Bottom up methods are when 

molecular precursors are reacted to form larger nanometer sized particles. 

 

Section 1.5.1: Bottom up methods 

 

 Bottom up methods start with molecular silicon precursors which are reacted to form 

nanoparticles, resulting in silicon nanoparticles that are capped with hydrogen or halides. 

Silicon nanoparticles generally require protection from oxygen to prevent the particle from 

being oxidized and therefore quenching the luminescence. Usually a further chemical step is 

needed to protect the surface, such as a hydrosilation reaction for hydrogen terminated 

surfaces, or nucleophile displacement with polar organometallics for halide surfaces. The 

surfaces are therefore stabilized by strong Si-C bonds. 

 

Reduction of Silanes 

 The first method of producing silicon nanoparticles was reported by Heath.18 A 

liquid-solution phase reaction was used to synthesize nanoparticles in the submicron range. A 

schematic of the reaction is shown below in Scheme 1.1. 
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Scheme 1.1. Synthesis of silicon nanoparticles by Heath. 

 This synthesis was performed in a bomb reactor due to the high temperatures and 

pressures that were required. The results of the reaction were silicon nanoparticles of 5-3000 

nm for R = H. For reactions using R = octyl the result was nanoparticles of size 5.5 ± 2.5 nm. 

In both cases, hexagonal shaped silicon crystals were obtained. 

 

Oxidation and reduction methods to form silicon nanoparticles 

 Kauzlaurich et al. have developed several methods of preparing silicon nanoparticles 

from metal silicides involving metathesis reactions using Zintl salts. One approach is the 

oxidation of magnesium silicide with bromine, as shown in Scheme 1.2.19 

 

Scheme 1.2. Synthesis of silicon nanoparticles by the oxidation of magnesium silicide. 
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 The size of the silicon nanoparticles synthesized by this method is controlled by the 

stoichiometry. The yield of the reaction was 10.9% in octane and 41.8% when performed in 

glyme. As the product is a bromine capped particle, further reactions with alkyl lithium 

reagents were needed to passivate the surface. 

Another method used by the Kauzlarich group is the oxidation of Zintl salts as shown 

in Scheme 1.3. This reaction is carried out in dimethoxyethane (DME) at 80˚ C or in dioctyl 

ether (DOE) at 260˚C. This method also requires a further reaction step with an alkyl lithium 

reagent for the passivation of the surface of the nanoparticle. This method results in sizes of 

4.91 ± 1.23 nm for DME reaction and sizes of 3.85 ± 1.03 nm for the reaction carried out in 

DOE. 

 

 

Scheme 1.3. Oxidation of Zintl salt synthesis of silicon nanoparticles.20 

 

 Another reaction employed by the Kauzlarich group is the reduction of silicon 

tetrachloride with the Zintl salt, sodium silicide as shown in Scheme 1.4. This method 

produces small silicon nanocrystals along with larger amorphous silicon nanoparticles.21 As 

with the previous method, the nanoparticle must undergo a further reaction with an alkyl 

lithium reagent to passivate the surface and protect it from oxidation.  
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Scheme 1.4 Synthesis of silicon nanoparticles by reduction of SiCl4 using the Zintl Salt NaSi. 

 The reduction of silicon tetrachloride can also be accomplished with sodium 

naphthalide, as shown in Scheme 1.5. 

 

Scheme 1.5. Reduction of Silicon tetrachloride by sodium naphthlaide to synthesis silicon 

nanoparticles.22 

As with the other reactions, this also requires a further reaction step with an alkyl lithium 

reagent or silanization reagent to passivate the surface to protect from oxidation. The average 

size of this reaction yields particles of 4.51 ± 1.10 nm when reacted for 12 hours. 

 The Zintl salt metathesis route offers a way to produce monodisperse samples with 

good control over the surface termination. However, a further step is needed to passivate the 
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nanoparticles to protect them from oxidation. One other positive aspect of this method is the 

ability to dope the silicon nanoparticles, shown in Scheme 1.6. 

 

 

Scheme 1. 6. Synthesis of Mn doped silicon nanoparticles.23 

 

The addition of the manganese dopant allows the silicon nanoparticles to be used as an MRI 

imaging agent.  Elemental analysis showed that the nanoparticles were within experimental 

error the same composition as the starting reagents, meaning that control of the level of 

doping had been achieved. Comparison of photoluminescence spectra of the un-doped silicon 

nanoparticles prepared in the same manner v. the doped silicon nanoparticles showed an 

obvious red shift from an emission maxima of 430 nm to 520 nm.  

 Silicon nanoparticles were also developed in the same manner using iron as the 

dopant.  Similar results were seen, though higher levels of doping were observed to quench 

the photoluminescence of the nanoparticles. Through the use of dopants, bimodal imaging 

particles are easily synthesized which are of great interest due to their increased 

functionality.( These increased functionalities will be discussed in the applications section.) 
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Reduction of SiCl4 using crown ether 

 Sletnes et al. have developed a method for the synthesis of silicon nanoparticles using 

potassium complexes with a crown ether as the reducing agent. This is shown in scheme 1.7. 

 

 

Scheme 1.7. Synthesis of silicon nanoparticles using potassium and the transfer agent, crown 

ether, to reduce silicon tetrachloride. 

 

Size distribution of 3-7 nm was found by this method. The controlling factor in the size of the 

silicon nanoparticles was the concentration of SiCl4 that was present in the reaction. The 

particles showed a blue-green luminescence that was attributed to surface defect states rather 

than from the EMA.24 

 

Synthesis of silicon nanoparticles by sonochemical approach. 

 A novel method of producing silicon nanoparticles was discovered by Dhas et al. 

This method involves the use of sonication to create silicon nanoparticles. It has been found 

that within the collapsing bubble formed by sonication, temperatures can reach 5000˚K with 



18 
 

pressures of 1800 atm.25 The reduction of silicon to form silicon nanoparticles is shown in 

scheme 1.8. 

 

Scheme 1.8. Synthesis of silicon nanoparticles by sonochemical approach. 

The yield reported for this process is 70 ± 5% after a reaction time of 3 hours. The reported 

size of the nanoparticles was of the range from 2 nm to 5 nm. This process has the 

advantages of this method are reduced reaction time, reduced temperatures (-70˚ C), and high 

yield. 

 

Synthesis of silicon nanoparticles in inverse micelles 

 Wilcoxon et al. have reported a method of synthesizing silicon nanoparticles using 

inverse micelles.26-27 A micelle, composed of nonionic aliphatic polyethers, of 10 nm 

diameter is formed in a hydrophobic solvent such as octane. The interior of the micelle is 

hydrophilic in nature and as such salts can be solvated by the hydrophilic portion of the 

micelle. This allows for the anhydrous salts SiX4 (X= Cl, Br, or I) to dissolve without any 

water present, or else the product would be silica. The reduction of the silicon tetrahalide is 

performed by reaction with LiAlH4 in dry THF. The cluster size of the nanoparticles is 

controlled by the controlling the micelle size and the reaction stoichiometry.26 The 

nanoparticle products are hydrogen terminated and need addition reactions to hydrosilate. 

However, due to the experimental set up, purification is not trivial. 
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 Tilley et al. also report synthesis of silicon nanoparticles using reverse micelle 

methods.28 The surfactant used is tetraoctyl ammonium bromide (TOAB) in anhydrous 

toluene or pentaethylene glycol monododecyl ether (C12E5) in anhydrous hexane. Again the 

exclusion of water is absolutely necessary for the formation of silicon nanoparticles and not 

silica. Silicon tetrachloride is reduced by hydride reducing agents such as LiAlH4 in dry 

THF. After the reaction is completed, the surface of the silicon nanoparticles are hydrogen 

terminated. The particles are then hydrosilated catalytically using H2PtCl6 and reacting with 

1-heptene or allylamine.28 This method yields particles with uniform sizes that have been 

reported between 1-4 nm ± 0.2nm. The nanoparticles exhibit a blue luminescence for all sizes 

synthesized, as has been seen with other methods of silicon nanoparticle synthesis.  

 

Supercritical fluid synthesis of silicon nanoparticles. 

 

 Korgel et al. have shown that they are able to produce monodisperse populations of 

silicon nanoparticles using supercritical fluids.12 Korgel applies the same wet chemistry 

approaches (thermal degradation of precursors) that have been so successful with group II-VI 

semiconductors. However, the temperatures needed to be reached are above the boiling 

points of the capping ligands used for silicon nanoparticles. To solve this problem, Korgel 

has designed a pressure reactor system which allows him to heat and pressurize the solvents 

above their critical point (Figure 1.8). This allows the silicon precursors to reach the 

temperature needed for their degradation, while also keeping the particles solvated.12, 29 
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Figure 1.8. Korgel’s supercritical reactor. An HPLC pump is used to reach the high pressures 

needed.12 

 

Diphenylsilane is degraded in the reactor in the presence of octanol and hexane. The reaction 

is done at a temperature of 500˚C and a pressure of 345 bar. This is well above the critical 

points of octanol and hexane: octanol: Tc : 385 °C, Pc : 34.5 bar; hexane: Tc : 235 °C, Pc : 30 

bar.12 The pressure is achieved by using a HPLC pump to pump the solvent into the Inconnel 

high pressure cell. The cell is then wrapped in heat tape and is heated to 500˚C to create the 

supercritical fluid reactor.  

This method is advantageous as this process caps the nanoparticles as the 

nanoparticles are synthesized, requiring no further reaction steps. This results in the size 

distribution of the nanoparticles being very monodisperse. However, the yield of the reaction 

varies 0.5% to 5% for the incorporation of silane precursor into silicon nanoparticle.  
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 Analysis of the photoluminescence of these particles shows there is some size 

dependent shift in the luminescence. However, there is an indirect bandgap transition even 

for the particles which are 1.4 nm in diameter. Also, observed was IR evidence for the 

capping (passivation) of the silicon surface with octanol, showing that the silicon is 

covalently bonded to the oxygen of the ocatnol. As stated before, the luminescence of the 

silicon nanoparticles is complex and not yet entirely understood. 

 

Laser pyrolysis synthesis of silicon nanoparticles. 

 

 Swihart et al. have reported a laser pyrolysis method of producing silicon 

nanoparticles at high rates such as 200 mg/h.30 The CO2 laser apparatus needed to produce 

this nanoparticles is shown in Figure 1.9. 



22 
 

 

Figure 1.9. CO2 laser apparatus for the synthesis of silicon nanoparticles by laser pyrolysis. 

 

The laser pyrolysis method uses silane to decompose to silicon nanoparticles. The silane 

absorbs the laser and absorbs heat for the decomposition of the silane to silicon. The SF6 and 

hydrogen is used to increase the heat at the nucleation site, promoting the decomposition of 

the silane. Helium is used as the carrier gas. The silicon nanoparticles are then collected on a 

grid from the gas stream. The nanoparticles are not luminescent at this point. 

Laser pyrolysis produces gram sized quantities of silicon nanoparticles which are 

loosely agglomerated.30-31 This method also shows good control of ability to control particle 
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size and particle size distribution. These particles are etched with HF acid to further diminish 

their size and to increase their luminescence. The particles when first synthesized, show little 

luminescence due to the size being larger than 5 nm. However, after etching the particles in 

HF/HNO3, bright luminescence is observed.30, 32 This etching can also done by allowing the 

nanoparticles to be exposed to air and form an oxide layer, the layer can then removed by HF 

etching, allowing control of the size of the nanoparticles.17, 33 

 

Section 1.5.2: Top down methods of synthesizing silicon nanoparticles.  

 

 Canham et al. first reported luminescence silicon made from etching of silicon wafers 

in 1990.34 This discovery has led to decades of research into porous silicon.  

 

Electrochemical etching synthesis of silicon nanoparticles. 

 Nayfeh et al. have developed a process of preparing small (1 nm) silicon nanoparticles 

using a catalyzed electrochemical process.16, 35 They use a combination of HF acid and H2O2 

to etch the wafers. The hydrogen peroxide forms an oxide layer with the silicon which the 

HF acid can easily remove.36-37 

Sailor et al. has prepared colloidal solutions of silicon nanoparticles by 

electrochemical etching of silicon wafers with HF acid and ethanol.38-39 While the wafers are 

being etched sonication is used to aid in the decomposition of the silicon, allowing silicon 

nanoparticles to be released into solution.40 The resultant nanoparticles, upon analysis with 

TEM were shown to be irregularly shaped and had a wide size distribution from many 
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micrometers to the nanometer range. The colloidal suspension showed red luminescence 

which was attributed to EMA (quantum confinement).40 

Kang et al. synthesized silicon nanoparticles and then etched them to create a series 

of nanoparticles whose photoluminescence spanned the visible spectrum.41 

 

 

Figure 1.10. Silicon nanoparticles that have been etched to for a oxide layer and the resulting 

change in color of luminescence that corresponds to change in the size of the silicon 

nanoparticle. 
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Etching of silicon rich silicon oxides 

Silicon nanoparticles can be synthesized by etching of silicon rich suboxide powder 

that contains silicon nanocrystals that are larger than 10 nm in diameter. The HF and HNO3 

acid rapidly attacks and dissolves silicon dioxide.42-43 This releases the silicon nanoparticles 

and also decreases their size as they are also etched. Decreasing their size below 5 nm leads 

to hydrogen terminated silicon nanoparticles that are luminescent.  

Veinot et al. have synthesized silicon nanoparticles from annealing hydrogen 

silsesquioxane. The silicon nanocrystals that form during the thermal annealing process are 

contained in a matrix of SiO2. The matrices are ground and etched using HF and 

ethanol/water.44-46 These nanoparticles can then be further etched to produce smaller 

nanoparticles, allowing a range of sizes to be obtained. The resultant nanoparticles are 

hydrogen terminated and need a further reaction step to passivate the surface. This has been 

done by both thermal hydrosilation and photohydrosilation.47 This method, while being a top 

down method, shows luminescence which agrees with the EMA model. 
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Laser ablation 

 

 Laser ablation methods occur by focusing a laser on a silicon wafer and irradiating 

the surface. Laser ablation methods depend on the frequency of the laser. A femtosecond 

laser will produce silicon nanoparticles by means of heating the precursor material till it 

thermally expands, and then cools causing a contraction and fragmentation of the material.48 

A nanosecond frequency laser however, forms nanoparticles by a vapor condensation 

mechanism.48 The size of the silicon nanopartciles produced vary based on experimental 

conditions. However, crystalline nanoparticles have been reported.48-49 These particles are 

not passivated and require further reactions to passivate the surface to stabilize the particles 

to oxidation. 

 

Mechanochemical synthesis of silicon nanoparticles 

 High energy ball milling is a technique that has been used to form nanocomposite 

material.50 Early experiments of ball milling of silicon powder showed results of crystalline 

silicon being converted to amorphous silicon due to the extreme temperatures reached during 

the ball milling.51-52 Silicon has also been ball milled with graphite in an attempt to 

synthesize carbon-silicon composite nanoparticles for the use of lithium ion batteries.53 

Heintz et al. reported colloidal silicon nanoparticles can be produced by high energy 

ball milling.5 This procedure is discussed more in depth in chapter 2. This method uses 

silicon wafers which are degraded by mechanical means of a ball mill while in the presence 

of a reactive organic liquid. This method has the advantage of being a one-step synthesis of 

the nanoparticles with passivation and this method has been shown to work with a great 
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many organic ligands: alkynes, alkenes, aldehydes, carboxylic acids, and alcohols.5-6, 54-58 

These particles have also been shown to successfully act as a platform for the attachment of 

DNA.59  

Section 1.6: Functionalization of silicon nanoparticles 

 Most of the methods of synthesis of silicon nanoparticles results in a surface that is 

hydrogen or halide terminated. These surfaces if not further protected by passivation will be 

oxidized which leads to changes in the photoluminescence of the nanoparticles.60-62 There are 

a few methods such as alkyl lithium reagents or hydrosilylation that have been employed 

depending on the surface termination. 

 Nanoparticles that are halide terminated have been passivated using alkyl lithium 

reagents such as n-butyl lithium.21  

 

Scheme 1.9. Surface passivation of chloride terminated silicon nanoparticle by the alkyl 

lithium reagent butyllithium. 

 

Another route for the passivation of halide terminated silicon nanoparticles is to react the 

particle with primary alcohols, resulting in alkoxy linkages. These linkages do introduce 

oxygen to the particle surface, but the covalent bond and alkyl chain length protect the silicon 

surface from further oxidation.12, 19 
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 As most chemical etching processes result in hydrogen terminated particles, 

hydrosilylation is a more common method of surface passivation and functionalization.63 

Hydrosilylation can occur in three separate methods. There is thermal hydrosilylation, 

photohydrosilylation, and catalytic hydrosilylation.64  

Thermal hydrosilylation has the advantage of shorter reaction times and less 

purification needed than catalytic hydrosilylation.63 Catalytic hydrosilylation is very useful 

for inverse micelle synthesis of silicon nanoparticles, allowing for the nanoparticles to be 

passivated before being exposed to oxidation by air.28 Other methods of hydrosilylation 

would require purification of the nanoparticles first, which would expose the nanoparticles to 

oxygen, leading to the need for an etching step to remove the oxide layer. 

 Photohydrosilylation is of particular interest due to its ease of use. It has also been 

extensively studied on flat silicon surfaces for use in the electronics industry.11 The 

mechanism of hydrosilylation on a flat hydrogen terminated surface is shown in Figure 1.11. 
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Figure 1.11. Hydrosilylation on hydrogen terminated bulk silicon (111) surface.65 

 

One possible mechanism for the hydrosilylation mechanism is the photo-assisted exciton 

mediated mechanism shown in Figure 1.12. 
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Figure 1.12. Exciton mediated photohydrosilylation on silicon nanoparticle surface.11 

 

Through this mechanism, white light is able to catalyze the hydrosilylation. Normal 

conditions call for a radical initiator or shorter wavelength light (254 nm) to drive the 

hydrosilylation.66  

 

 

 

Section 1.7: Applications of silicon nanoparticles 

 

 Silicon nanoparticles are of interest in an array of applications from electronic 

devices,67-68 photovoltaics,69-70 biomedical applications,71-72 and energy storage.73-75 
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Biomedical applications are especially important for silicon nanoparticles since previously 

used nanoparticles based on group II-VI semdiconductors such as CdSe QD’s have been 

shown to be toxic and as such are not suitable for in vivo experimentation.76-78 Silicon 

nanoparticles however show very little toxicity.10 Most toxicity shown in experiments with 

silicon nanoparticles can be attributed to surface chemistry, positive charges located on the 

surface tend to increase the toxicity of the particles.10 The size of the nanoparticles is also 

important since only nanoparticles < 5.5 nm can be successfully cleared by the kidneys.10 

This however is not an obstacle for silicon nanoparticles as the particles of interest are those 

that are smaller than the Bohr exciton radius of about 5 nm, allowing them to be luminescent.

 In order for silicon nanoparticles to be useful as biological agents there are some 

requirements that they first have to meet. First, they must be nontoxic. Second, they must be 

luminescent. Thirdly, they must be water soluble as this is the medium in which they will be 

dispersed for in vivo applications. Fourth, they must be able to be functionalized so that they 

can be tailored for specific purposes, such as targeting certain tissue or receptors. 

Many experiments have been performed showing the use of silicon nanoparticles as 

bio-labeling platforms that are far superior to molecular dyes. 
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Figure 1.13. PET images of mice injected with silicon nanoparticles showing that they target 

the liver and are cleared by the kidneys as they are also observed in the bladder. Liver is 

denoted as L and the bladder is denoted as B in the figure.79 

 

In Figure 1.13 we see mice that have been injected with silicon nanoparticles that were 

coated with dextran and then complexed to a macrocyclic ligand with the radioisotope-

64Cu2+. The average hydrodynamic diameter of the particles were 15.1 ± 7.6 nm. As can be 

seen from the figure, most of the nanoparticles are rapidly filtered from the blood stream very 

quickly. They are quickly filtered through the kidney and eliminated through the bladder. 

After just 1 hour, most of the nanoparticles had already been removed and after 48 hours, 

only low concentration were only detected in the liver. 

 Another study used poly acrylic acid to increase the water solubility of the silicon 

nanoparticles. In this study, 3-5 nm silicon nanoparticles were passivated by poly acrylic 

acid. Using a hydrosilation reaction, the acrylic acid was covalently linked to the silicon 
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surface. This passivating ligand increased both the water solubility and also the luminescence 

of the nanoparticles.80 Chinese hamster ovary cell tissue was then stained using the silicon 

nanoparticles.  

A)               B) 

 

 

Figure 1.14. CHO cells stained using Poly acrylic acid passivated silicon nanoparticles. (B is 

a higher magnification of A)80 

 

These results show that silicon nanoparticles can be synthesized that are water soluble, 

stable, and luminescent quantum yields necessary for use as a biolabel. Also, these results 

show once again that the use of QD’s is superior to molecular dyes as there is no issue with 

photo bleaching as seen with some molecular dyes. 
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 Another example of the use of amine terminated silicon nanoparticles as bioimaging 

labels is seen in the imaging of BV2 cells undergoing mitosis. In this study the cells were 

suspended in a phosphate buffer and mixed with the nanoparticles in a 1:1 ratio. The cells 

were then separated by centrifugation. 

 

Figure 1.15. Epifluorescence image of BV2 cells stained with a) DRAQ5, b) silicon 

nanoparticles, c) confocal image of both DRAQ5 and silicon nanoparticles.81 

 

The most interesting thing about this study is that it showed that multiple generations of cells 

could be followed without having to apply additional stain to the samples. Due to the stability 

of the nanoparticles to photobleaching, the nanoparticles were useful as labels in several 

generations of daughter cells that formed during mitosis.81 

 Another issue with nanoparticles for biological application is the outcome of 

nanoparticles that do not get cleared from the organism by way of renal filtering. Sailor et al. 

have reported biodegradable silicon nanoparticles that will break down in the organism if 

they are not cleared.  
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Figure 1.16. In vivo fluorescence imaging (370 and 488 nm excitation) of mice injected with 

silicon nanoparticles (LPSiNP) and dextran coated silicon nanoparticles (D-LPSiNP). Arrows 

point to liver and bladder.82 

 

As can be seen in Figure 1.16 the silicon nanoparticles are broken down over the 24 hours 

that the mice were monitored. The dextran coated silicon nanoparticles break down at a much 

slower rate. As silicon nanoparticles are oxidized in an organism, their oxidized silicon core 

will safely biodegrade to silica and be excreted. The only issue is the surface coverage of the 

silicon nanoparticles as noted before.  

 Silicon nanoparticles can also be functionalized with targeting molecules that are 

covalently bound to the silicon nanoparticles. This allows the particles to be tuned to reach 
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specific targets in a host.83-84 Unspecific silicon nanoparticles are mainly bound by their size 

as to what locations they travel to in the host. This is normally the liver and then excretion by 

the renal glands as seen in figures 1.13 and 1.16 

One of the ways in which to accomplish this targeting functionalization is to attach 

DNA to the silicon nanoparticle.85-87 This is easily done by activation of a terminal 

carboxylic acid on a silicon nanoparticle.88-89 This activation is accomplished by attaching a 

molecule such as n-hydroxysuccinimide which acts as a better leaving group, promoting the 

formation of an amide bond with an amine functionalized biomolecule.90 

 

Future uses of Silicon nanoparticles in energy 

 One of the newest fields of interest for silicon nanoparticles and silicon wires, is the 

field of lithium ion batteries. Current technology uses graphite for anode material. However, 

the volume change cycles of being swelled with lithium ions when charged, and the 

subsequent shrinking when the battery is depleted leads to mechanic stress on the anode 

material.91 Silicon nanoparticles have been proposed as an anodic material due to their ability 

to swell easily without large mechanical stress due to their small volume. However, they still 

do experience mechanical stress and do break down, which reduces the effectiveness of the 

battery, through loss of conductive contact from mechanical stress failure.92 It has been 

hypothesized that supporting silicon nanoparticles using a cheap, conductive, and strong 

material like graphene in conjunction with silicon nanoparticles might lead to increased 

cycling of lithium ion batteries.92 These same ideas are also the focus of silicon nanowires, 
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which are of similar research focus as silicon nanowires, as they many similar properties due 

to being in the nano size regime.29, 93 

 

Motivation for thesis 

 The use of silicon nanoparticles for use in bioimaging applications has been shown 

throughout the literature to be a very promising field. To contribute to this field, the use of 

carboxylic acid functionalized nanoparticles which are able to easily be conjugated to 

biomolecules is a major focus of this thesis. This thesis also is focused on increasing the 

luminescence of the nanoparticles as well and seeking new ways using the instrumentation 

available to us to better characterize the silicon nanoparticles that we synthesize. 

 To synthesize carboxylic acid functionalized silicon nanoparticles we first attempt a 

passivation of silicon nanoparticles using carboxylic acids. This is then followed by the use 

of α-ω dicarboxylic acids. However, as shown in Chapter 2, the solubility of the diacids due 

(due to hydrogen bonding forming oligomers) are not easily dissolved in the mono 

carboxylic acids. Because of this barrier, a new route to carboxylic acid functionalized 

silicon nanoparticles was sought. The use of alkene passivated silicon nanoparticles with 

terminal vinyl groups distal to the silicon surface were synthesized. The oxidation of the 

terminal vinyl groups provided us with the carboxylic acid functionalized silicon 

nanoparticles. 

 The carboxylic acid functionalized silicon nanoparticles were then conjugated to 

DNA sequences in a proof of concept experiment, to show that these silicon nanoparticles 

can be covalently conjugated to biomolecules. This was done through the activation of the 
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carboxylic acid using n-hydroxysuccinimide to form ester activated silicon functionalized 

nanoparticles. The n-hydroxysuccinimide acts as a better leaving group than the proton 

which promotes the rate of the reaction. This was characterized using TEM and gel 

electrophoresis. 

 Another focus of this thesis is to better characterize the silicon nanoparticles that we 

synthesized. As this is a top down method, the size and of the chemistry on the surface is not 

as controllable as silicon nanoparticles formed by the bottom up methods mentioned 

previously. To characterize the silicon nanoparticles we used x-ray absorption near edge 

spectroscopy (XANES). To analyze our results modeled the silicon nanoparticles and used 

the FEFF9 software package to obtain theoretical XANES spectra. Also, x-ray photoelectron 

spectroscopy (XPS) was used to investigate the bonds in the silicon nanoparticles. 

 One of the main focuses throughout every stage of these projects is to observe the 

influence of these reactions on the luminescence of the silicon nanoparticles. Since one of the 

envisioned applications for these nanoparticles is bioimaging, the luminescence is of great 

importance. To increase the luminescence, the complete passivation of the silicon surface of 

the nanoparticles was attempted through a post processing step of hydrosilation. This step is 

mean to passivate any Si-H that is on the surface as well as to react with any dangling bonds 

that are remaining from the fractured silicon nanoparticle surface due to the milling process. 

 The results of these reactions and investigations are reported hereafter. The 

carboxylic acid functionalized silicon nanoparticles have been synthesized and conjugated to 

DNA. The nanoparticles have been further characterized by XANES and XPS. Also, the 

results of further hydrosilation to increase the photoluminescence of the nanoparticles is 

show.  
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Chapter 2. 

Synthesis of passivated silicon nanoparticles with carboxylic acids using Reactive 

High Energy Ball Milling (RHBM). 

Section 2.1: Introduction: 

 Silicon nanoparticles have been synthesized from numerous methods, including 

reduction of chlorosilanes in inverse micelles,1 chemical etching of silicon,2-4 oxidation 

of Zintl salts,5-7 thermolysis of silanes in supercritical fluids,8 and reductive thermal 

annealing of silsequioxanes.9 However, many of these methods require high 

temperatures, further modification of the surfaces, or the use of highly reactive 

chemicals. A promising method of producing silicon nanoparticles in a one-step method 

with the required surface passivation is reactive high energy ball milling (RHEBM).10 

 RHEBM allows for a wide array of passivating ligands to be attached to the 

silicon nanoparticles during the synthesis step. Alkynes,10-11 alkenes,12-13, alcohols, 

carboxylic acids, and aldehydes have all shown to act as passivating reactive organic 

liquids during the synthesis of silicon nanoparticles by RHEBM. This allows for several 

different surface passivations to easily be utilized, simply by changing the reactive 

organic liquid that the silicon is milled in. 

 RHEBM milling has the advantage of not needing high pressure or potentially 

dangerous reagents such as HF acid, and it has been shown to have a wide range of use 
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with different passivating reactive organic liquids. The synthesis of silicon nanoparticles 

by RHEBM is performed by filling a milling vial with silicon, a degassed reactive 

organic liquid, and a set of milling balls. The process is generally done in a dry box with 

an inert atmosphere of N2. The vial is closed gas tight and then milled in a Spex 

SamplePrep 8000D mill for 12 hours. The suspension is then removed and separated 

from any insoluble sediments by means of centrifugation. The solution is then purified by 

means of gel permeation chromatography in order to remove molecular impurities. This 

simple method results in the introduction of a covalent bond between the reactive organic 

liquid and the silicon surface of the nanoparticle. This process is presented schematically 

below using an alkyne to illustrate the process.  

 

Scheme 2.1 Synthesis of alkyne passivated silicon nanoparticles.10 
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 As can be seen in scheme 2.1 the bulk silicon wafers are broken when struck by 

the milling ball. This exposes a clean surface that has not been oxidized by atmospheric 

oxygen prior to entering the milling vial. This new surface reacts with the reactive 

organic liquid generally through the formation of a strong Si-C bond and the surface 

therefore becomes passivated. This process continues for the duration of the milling time, 

resulting in solubilized silicon nanoparticles that have been passivated by the reactive 

organic liquid, in this case an alkyne. The process is general and can accommodate a 

wide variety of functional groups. 

Alkynes and alkenes can bond to the surface in two distinct modes. The first 

mode is an end on radical addition to silicon radical sites, as on a (111) surface to give an 

initial carbon centered radical as shown in (scheme 2.2).14 The carbon centered radical 

can then abstract a hydrogen from the solvent to give the resultant surface ligand. 

 

Scheme 2.2. Radical addition of alkyne and alkene reactive organic liquids to fresh (111) 

silicon surface.14 
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The second mode is a 2+2 cycloaddition with silicon dimers as found on the (100) silicon 

surface (scheme 2.3).14-15  

 

 

Scheme 2.3 The 2+2 mode of cycloaddition to a silicon (100) fresh silicon surface with 

liquid alkyne and alkenes.14 

 These bonding modes occur because of the differences in the surface morphology 

of the (111) vs. (100) surfaces. The 7x7 (111) surface is characterized by single dangling 

bonds as well as silicon dimers that can be readily reacted via a radical mechanism to 

form products as seen in scheme 2.2. The silicon 2x1 (100) surface is characterized by a 

series of dimers between neighboring silicon atoms. The neighboring atoms are not 

coplanar, with one end being slightly elevated and the other end being slightly 

depressed.14, 16 The difference in the heights of the ends of the dimers is associated with a 

zwitterionic character of the dimer.14, 17 



51 
 

 The chemistry that is known from the flat surfaces in high vacuum conditions is 

well reported and can be extrapolated to the nanoparticle surfaces. The nanoparticle 

surface is not ideal and may likely be an intermediate between (111) and (100) surfaces 

and therefore likely to contain both silicon radical sites as well as silicon-silicon dimers. 

This chemistry results from the reconstruction of the cleaved silicon surfaces. The 

RHEBM process also allows for different reactive organic liquids to be milled at the 

same time. This is of great interest as the use of α-ω reactive organic liquids provides a 

passivating surface that can undergo further chemistry. Mixtures of these α-ω diynes and 

α-ω dienes can be used along with monoynes and monoenes to produce silicon 

nanoparticles in a one-step synthesis which can undergo further chemistry on the terminal 

functionalities.  

 Using RHEBM, the surface coverage of mixture of difunctionalized and 

nonfunctionalized reactive organic liquids can be controlled by the mole fraction of the 

mixture. As long as the functionalities of the reactive organic liquid are the same, Kuang 

has shown that the percent surface coverage of the silicon nanoparticle corresponds to the 

starting molar percentage of the milling liquid within experimental error.15 

 The focus of this project is to produce silicon nanoparticles that are passivated by 

carboxylic acids and have a free terminal carboxylic acid functionality. These silicon 

nanoparticles would be of great interest for their ability to conjugate biomolecules with 

an accessible amine to form an amide. This route of linkage of biomolecules has shown 

great promise with many reports in the literature.18-27 Biomolecules have been 

successfully tethered to flat surfaces through this route as well as the conjugation of 

biomolecules to nanoparticles using the conjugation of an carboxylic acid functionality 
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and an amine functionality. The scheme for bonding of carboxylic acid to the silicon 

surface is shown in scheme 2.4. First the hydroxyl group bonds to the silicon surface, 

resulting in both an Si-O bond and an Si-H bond. The Si-H bond is most likely further 

oxidized to Si-OH upon exposure to atmospheric oxygen and water. The carbonyl will 

also interact with the silicon surface, resulting in a bidentate bonding mode for the bound 

carboxylic acid as reported by Heintz et al.28 

 

Scheme 2.4 Passivation by carboxylic acid of silicon nanoparticle. 

 Examples of silicon nanoparticles with terminal carboxylic acid groups have been 

reported in the literature. This has been accomplished using hydrosilation21-22 and 

expensive and complex cross linkers.20, 23 Swihart et al have produced carboxylic acid 

terminated silicon nanoparticles through the hydrosilation of acrylic acid.2 Wang et al 

have grafted linker ligands to the surface of silicon nanoparticles as shown in Figure 2.5. 

The hydrogen passivated silicon nanoparticle is chemically stabilized through the 

hydrosilation of the nanoparticles surface with 1-octene. The 1-octene is further linked 

with 4’-[3-(trifluoromethyl-3H-diazirin-3-yl)]-benzoic acid and N-hydroxysuccinimide 

ester via a C-H insertion reaction.20 The resultant chain now possesses an activated 

carboxylic acid group as an NHS ester. The NHS ester is a good leaving group and was 
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subsequently displaced by a DNA residue. This is the same method of conjugation to 

biomolecules as will be used in this project. 

 

Scheme 2.5 Synthesis of silicon nanoparticle conjugated to DNA by hydrosilation 

method. 
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Scheme 2.6 Synthesis of silicon nanoparticle passivated with free carboxylic acid. 

 RHEBM provides potentially a more direct route to carboxylic acid functionalized 

nanoparticles. A mixture of monocarboxylic acid (eg. 1-pentanoic acid) and dicarboxylic 

acid (eg. 1,7-heptanedioic acid) as reactive organic milling liquids should provide a 

surface which has carboxylic acid functionality. This one step synthesis should produce 

silicon nanoparticles that can be later conjugated with an amine group of a biomolecule 

of interest (eg. DNA) in a direct fashion.  
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Section 2.2: Experimental: 

Materials 

 The following chemicals were obtained from Sigma Aldrich and used without 

further purification: 1-octanoic acid (98 %), 1-hexanoic acid (98 %), 1,6-hexanedioic acid 

(99 %), 1-pentanoic acid (99 %), 1,7-heptanedioic acid (98 %), benzoic acid (99.5 %), 1-

hexadiene (97 %). 1-pentene (>95%) was obtained from Gelest and used without further 

purification. The dialysis membrane was purchased from Spectra/Por® and was a 

regenerated cellulose membrane with a molecular weight cut off (MWCO) of 1,000 Da. 

This was chosen for its stability with most organic solvents including toluene and 

dichloromethane. The solvents toluene, dichloromethane, and ethanol were obtained from 

Fisher Scientific. Dichloromethane was dried over calcium hydride and then distilled. 

The other solvents were not further purified. 

 

General procedure for RHEBM 

 The silicon wafers were stored in a nitrogen filled dry box. The milling vial and 2 

stainless steel balls were taken into the dry box along with the degassed reactive organic 

liquid. The vial was filled with 1.25 g of silicon wafer and 25 mL of reactive organic 

liquid. The two milling balls, each weighing approximately 2.1 cm in diameter and 8.1 g, 

were then added to the vial and it was sealed using Teflon tape and screwed tight. The 

vial was milled for 12 hours in a cold room at 4˚C at 1060 cycles per minute in a Spex 

SamplePrep 8000D mill (Figure 2.1).29 When the milling had been completed, the milling 

mixture was centrifuged in air in a plastic centrifuge tube for 30 minutes at 511 G using a 
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Thermo IEC® Centra CL2 centrifuge. The supernatant was then separated from the 

insoluble sediments and then purified. 

 

Figure 2.1 8000D Mixer/Mill 

 

 

Synthesis of 1-octanoic acid passivated silicon nanoparticles 

1-Octanoic acid (25 mL), 1.25 grams of silicon chips, and 2 milling balls were 

added to a stainless steel milling vial in a nitrogen filled dry box. After milling the 

product solution was purified by Soxhlet extraction using dichloromethane for 36 hours. 

A brown solid was recovered giving an average yield of 45 mg. The product was then 

characterized by 1H NMR, photoluminescence, UV-Vis, and TEM. 
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Synthesis of 1-hexanoic acid passivated silicon nanoparticles 

1-Hexanoic acid (25 mL), 1.25 g silicon chips were added to a stainless steel 

milling vial in a nitrogen filled dry box. After milling and centrifugation the remaining 

starting material (1-hexanoic acid) was removed by dialysis in ethanol/ toluene (10%). 

The product was a brownish solid. The average yield was 30 mg.  

Synthesis of 1-hexanoic acid/1,6-hexanedioic acid passivated silicon nanoparticles 

 1- Hexanoic acid (25 mL), 1,6-hexandioic acid 4g (C6H10O4) (which was not 

soluble in the hexanoic acid), and 1.25 grams of silicon chips were added to a stainless 

steel milling vial in a nitrogen filled dry box.. The product solution was purified by 

dialysis for 72 hours in a mixture of toluene/ethanol (10%) to remove starting material. 

The resulting yield was 9 mg of a gray solid.  

 

Synthesis of 1-pentanoic acid passivated silicon nanoparticles. 

1-Pentanoic acid (25 mL) was combined with 1.25 g silicon chips in a stainless 

steel milling vial in a nitrogen filled dry box. After milling and centrifugation, the 

remaining starting material (1-pentanoic acid) was removed by dialysis in ethanol/ 

toluene (10%). The product was a brownish solid. The average yield was 25 mg. 
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Synthesis of 1-pentanoic acid  / 1,7-heptanedioic acid (5%) passivated silicon 

nanoparticles. 

 1-Pentanoic acid (25 mL), 1.25 grams of silicon wafer, and 3.6 g of 1,7-

heptanedioic acid were added to a stainless steel vial in a nitrogen filled dry box. After 

milling and centrifugation, the supernatant was collected and purified by dialysis for 48 

hours in dichloromethane using a regenerated cellulose membrane. The yield was 35 

milligrams of a brown solid. 

 

Synthesis of benzoic acid passivated silicon nanoparticles. 

 Toluene (30 mL), 2 g silicon wafer, and 2 g benzoic acid were added to a stainless 

steel vial in a nitrogen filled dry box. The vial was capped in the dry box and was then 

milled for 12 hours at 4˚C in a cold room. The contents of the vial were then centrifuged 

in a plastic centrifuge tube to separate the nanoparticle supernatant from the insoluble 

sediments. The product was then separated from the starting material using Soxhlet 

extraction with toluene and a regenerated cellulose membrane for 36 hours. The yield 

was 20 mg of brown solid. 

 

Characterization 

 Elemental Analysis was done using a FEI TECNAI G2 Transmission Electron 

Microscope (TEM). The TEM was fitted with a Bruker AXS XFlash energy dispersive 

X-ray detector for elemental analysis. Spectral analysis of the particles were 
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characterized using a combination of TEM, NMR, IR, UV-Vis, and photoluminescence. 

 1H analysis of the silicon nanoparticles was done using an Advance Bruker 

UltraShield 300 MHz Spectrometer. All spectra were taken at room temperature. All IR 

spectra were taken using a Thermo Nicolet NEXUS 870 FTIR E.S.P spectrometer. 

Sample preparation was a thin film was prepared on a KBr plate by the evaporation of a 

drop of a solution of the nanoparticles in dichloromethane on the KBr plate. A Varian 

Cary 50 Bio UV-Visible Spectrophotometer was used for all UV-Vis measurements. The 

instrument was always operated in medium voltage mode and was run with a medium 

rate of scan of 300 nm/minute. The photoluminescence spectra were obtained by a Varian 

Cary Eclipse Fluorescence Spectrometer operated in the medium voltage mode of 600 

volts. The slits were 5 nm and a scan rate of 120 nm/minute was used. All spectra were 

taken using dichloromethane as the solvent unless otherwise noted.  

 

Photoluminescence comparison 

 The photoluminescence spectra were all taken using the same instrument and 

under the same conditions as described in the previous chapter. Quantum yield 

measurements were not taken however. For purposes of comparison of the luminescence 

yields, all luminescence spectra were normalized by the UV-vis absorbance. The 

wavelength of the excitation was compared to the UV-vis and the optical density at that 

wavelength was noted. The luminescence spectra were then normalized by dividing the 

emission amplitudes by the optical density from the absorbance spectra. 
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 This is not an absolute quantum yield and cannot be used to compare to other 

yields of silicon nanoparticles in the literature and from different groups. It does 

however, provide us with an ability to compare the luminescence of silicon nanoparticles 

synthesized with different passivating ligands to compare the luminescence yields. The 

operating conditions of the instrument are kept constant and the solvent used are also kept 

constant, leaving the passivated silicon nanoparticles as the only part of the experiment 

that changes. 

 

Size separation and purification 

 All products were purified by Gel Permeation Chromotography (GPC) prior to 

characterization. This was done using BioBeads X-1 as the immobile phase and 

dichloromethane that had been dried and distilled as the mobile phase. These 

characterization and purification steps have been done for all silicon nanoparticles whose 

synthesis is described in this thesis. 
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Section 2.3: Results and Discussion 

Section 2.3.1 RHEBM of silicon with monocarboxylic acids 

 Various aliphatic carboxylic acids were used to passivate silicon nanoparticles. 

Different chain lengths were chosen so that the effect of solubility and of the percent 

yield could be assessed. One hypothesis was that longer chain length should result in a 

greater percentage yield as it would better suspend the nanoparticles due to increased 

solvation and also that it would better protect the surface from oxidation due to oxygen. 

1-Octanoic acid passivated silicon nanoparticles. 

 1-octanoic acid passivated silicon nanoparticles were first synthesized by Andrew 

Heintz.28 They were synthesized in the course of this project for the purpose of 

comparison to his work. The 1-octanoic acid passivated silicon nanoparticles were 

characterized by 1H NMR, photoluminescence, UV-Vis, TEM, and infrared spectroscopy. 

1-Octanoic acid passivated silicon nanoparticles were investigated thoroughly as they 

were the first system that showed good results of formation of passivated silicon 

nanoparticles with a carboxylic acid. 
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Figure 2.2 1H NMR of 1-octanoic acid passivated silicon nanoparticles in CDCl3.  

(* = CDCl3) 

 

 The purification of the octanoic acid passivated silicon nanoparticles was 

challenging due to the boiling point of octanoic acid being 237˚C. The starting material 

could not be removed except by using Soxhlet dialysis extraction in which the dialysis 

membrane was placed inside a Soxhlet extractor30 and exposed to multiple changes of 

A 

B 

C-F 

G 

* 
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dichloromethane over a 36 hour period. As can be seen from the 1H NMR, there still 

remains some impurities between 3.5 ppm and 4.2 ppm.  However, failure to observe any 

peaks between 10-12 ppm shows that no free 1-octanoic acid is present and that the 

spectrum is presumably that of the remaining nanoparticles. 

 

4000 3500 3000 2500 2000 1500 1000 500

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

A
b

s
o

rb
a

n
c
e

Wavenumbers

C-H

O-H

Carboxylate

Si-O

 

Figure 2.3 Infrared spectrum of 1-octanoic acid passivated silicon nanoparticles. 

 

 The infrared spectrum of the 1-octanoic acid passivated silicon nanoparticles 

shows two stretches at 1536 and 1431 wavenumbers which correspond to a bidentate 

carboxylate group.31 The absence of any stretch around 1715 wavenumbers indicates the 

absence of any remaining carboxylic acid starting material. There is also the expected 
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alkane stretches around 2900 wavenumbers. A stretch for O-H is observed centered 

around 3300 wavenumbers, this is most likely due to Si-OH which formed from Si-H on 

the nanoparticle surface being oxidized.28  Also observed is a strong peak around 1100 

wave numbers that is due to Si-O vibrations. These finding are very similar to those 

found by Heintz et al. Shown in Figure 2.4 is the infrared spectrum they observed. 

 

Figure 2.4 IR spectra of octanoic acid adapted from Heintz et al.28 

 The primary difference between the two spectra is the appearance of a carbonyl 

peak around 1715 cm-1 in Heintz’s spectra which is probably due to unremoved starting 

material. The Si-O peak is broader and weaker compared to the current method. These 

differences are probably due to the method of purification. Where Heintz relied on a 

vacuum oven to remove the unreacted starting material, the purification using Soxhlet 

dialysis which is a more efficient method, for the removal of the high boiling point 1-

octanoic acid.  
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Figure 2.5 Photoluminescence of octanoic acid passivated silicon nanoparticles (in 

DCM). Normalized by the UV-vis absorbance. 

The photoluminescence spectrum was taken in dichloromethane and shows the 

expected absorbance/emission shift that is typically observed with silicon nanoparticles. 

An absorbance of 300 nm results in an emission at 356 nm. The other shifts average 

about 40 nm. A red shift is observed as the increasing wavelength of light excites 

populations of larger nanoparticles.10 When viewed using a bench top UV-lamp, a blue 
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luminescence is observed for the octanoic acid passivated silicon nanoparticles. After 

fractionation by GPC, there is no discernible change in the color of the different fractions.  

The absorbance spectrum of the nanoparticles was also taken in dichloromethane.  

There is a long absorbance tail that is characteristic of indirect bandgap nanoparticles.7, 10, 

12, 15  

 

 

Figure 2.6 EDS spectrum of Figure 2. TEM image of octanoic acid passivated silicon 

nanoparticles. 
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Figure 2.7 TEM image of octanoic acid passivated silicon nanoparticles. 

The TEM image was taken using toluene as the solvent and was dispersed on a 

formvar coated copper grid. The images show that the particles tend to aggregate as seen 

in Figure 2.7. The corresponding EDS spectrum shows that there is a strong silicon signal 

at 1.9 KeV. There is also a strong carbon signal, though that is also partially due to the 
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formvar coating on the grid. The silicon signal though is very good evidence for silicon 

nanoparticles.  

 An HRTEM of the same sample, shown in Figure 2.8, reveals lattice fringes 

reflecting the crystallinity of the silicon nanoparticles. This result shows that the RHEBM 

process does not destroy the crystallinity of the starting crystalline chips. The lattice 

fringes are spaced at an average distance of approximately 3.2 Å which corresponds to 

the silicon d(111) spacing of 3.135 Å.32 Lattice fringes were measured using ImageJ 

software. Ten consecutive lattice fringes were counted and then measured using a 

calibrated straight line. This line is shown as a red bar in Figure 2.8. 
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Figure 2.8 High resolution image of octanoic acid passivated silicon nanoparticles with 

lattice fringes. 
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1-Hexanoic acid passivated silicon nanoparticles. 

 

 1-Hexanoic acid passivated silicon nanoparticles were synthesized by milling 25 

mL of 1-hexanoic acid with 1.25 grams of silicon chips for 12 hours. After milling, the 

product was purified by Soxhlet extraction. 
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Figure 2.9 Photoluminescence of 1-hexanoic acid passivated silicon nanoparticles. 

Normalized by UV-vis absorbance. 
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 The photoluminescence of the hexanoic acid passivated silicon nanoparticles is 

very weak. There is still a typical absorbance/emission shift to the red with increasing 

excitation wavelength.  The changing of the filter during the recording of the spectrum 

has introduced artifacts into the spectrum which are amplified by the low luminescence 

intensity of the particles.  
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Figure 2.10 Infrared spectrum of hexanoic acid passivated silicon nanoparticles. 

 

The sample was prepared for IR by depositing a solution of nanoparticles in 

dichloromethane on a KBr plate and allowing the dichloromethane to evaporate, leaving 
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behind a thin film. The infrared spectrum shows that the carboxylate bonds in a bidentate 

fashion with the silicon nanoparticle. This is evident from the symmetric and 

antisymmetric stretching vibrations seen at 1526 and 1442 wavenumbers. The absence of 

any stretch at 1715 wavenumbers shows that no free carboxylic acid is present in the 

sample. There is a small feature centered around 3300 wavenumbers which is likely due 

to the Si-OH that was formed on the surface of the nanoparticle, from the oxidation of Si-

H. There is also a small feature at about 2300 wavenumbers that might be attributed to 

Si-H. It could possibly be an overtone, or combination band, perhaps of the Si-O which is 

present at around 1100 wavenumbers.   

 

 

 

 

Figure 2.11 1H NMR of hexanoic acid passivated silicon nanoparticles. (* = CDCl3) 

* A 

B 

C-D E 
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 The 1H NMR shows the hexanoic acid functionalized nanoparticles in a 

reasonably pure state. Purification is a concern with all of the carboxylic acid systems as 

the boiling points do not allow for easy removal of the starting material. The peaks 

denoted as A and B are expected to be the protons closest to the carboxylate group. Also 

shown is the aliphatic region shown between 1 ppm and 1.8 ppm. The methyl group, 

denoted as E is shown at 0.8 ppm. These peak differ from that of pure 1-hexanoic acid, 

with a slight shift up field, which also lends evidence of the formation of a covalent 

bonding to the silicon nanoparticle. 

 The hexanoic acid passivated silicon nanoparticles showed decent luminescence, 

a clean infrared spectrum, and a 1H NMR spectrum that was largely free of impurities. 

The boiling point of hexanoic acid being 205˚C is the largest problem with the synthesis. 

Such a high boiling point does not allow efficient removal of starting material by 

evaporation. Soxhlet dialysis had to be used which is time consuming as it requires 36 

hours. However, the data shows that silicon nanoparticles can be successfully synthesized 

by this process.  

 

1-Pentanoic acid passivated silicon nanoparticles. 

 1-Pentanoic passivated silicon nanoparticles were synthesized by milling 25 mL 

of 1-pentanoic acid with 1.25 grams of silicon chips for 12 hours. 1-Pentanoic acid has a 

boiling point of 186˚C, so the same issues of purification were still present. Namely the 

inability to evaporate the starting material and the need to use Soxhlet extraction using a 

regenerated cellulose membrane. This was done for 36 hours which is a considerable 
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longer time for purification than the removal of the starting material by rotary 

evaporation which is done within 30 minutes.  
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Figure 2.12 Absorbance and photoluminescence spectrum of 1-pentanoic acid passivated 

silicon nanoparticles in ethyl acetate. Normalized by the UV-vis absorbance. 

  

 The photoluminescence spectrum is similar to the systems already discussed in 

this chapter. The luminescence of the 1-pentanoic acid passivated silicon nanoparticles is 

not strong, with a maximum intensity of 20 arbitrary units based on the normalized 

spectra 
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Figure 2.13 1H NMR spectrum of 1-pentanoic acid passivated silicon nanoparticles in 

CDCl3.       * = CDCl3 and # = CH2Cl2 

 The 1H NMR spectrum shows the peaks denoted by A at 2.2 ppm and B at 2.0 

ppm. The methyl group denoted D is seen at 0.8 ppm with the aliphatic region with C 

from 1.0 ppm to 1.6 ppm. The spectrum shows that the nanoparticles are largely free 
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from impurities except for a small peak at 5.2 ppm which is attributed to 

dichloromethane.   
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Figure 2.14 Infrared spectrum of 1-pentanoic acid passivated silicon nanoparticles. 

 The infrared spectrum show the carboxylate peaks at 1532 and 1428 

wavenumbers.31 A broad peak centered around 3300 wavenumbers is most likely 

adventitious water from sample preparation as seen before in previous sections. Also, as 

seen before in previous sections there is a broad peak around 1100 wavenumbers for Si-

O. There is no carbonyl peak observed at 1715 wavenumbers showing that there is no 

free carboxylic acid starting material remaining in the product.  
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Section 2.3.2: RHEBM of silicon with monocarboxylic acids and dicarboxylic acids 

 Once it was confirmed that carboxylic acids passivated silicon nanoparticles by 

the synthesis of silicon nanoparticles with monoacids, the addition of a functional group 

distal from the surface of the silicon nanoparticle was attempted by the use of α,ω- 

diacids. These acids are mixed with monoacids to prevent the diacids from forming hair 

pins and both ends reacting with the silicon surface, by diluting the percentage of diacid 

chains.  

1-Hexanoic acid/ 1,6-hexanedioic acid passivated silicon nanoparticles. 

 1,6-Hexanedioic acid, a six carbon chain di-carboxylic acid was chosen as a 

coreactant in order to introduce a carboxylic group, distal from the surface, as illustrated 

in Figure 2.14. 

 

Figure 2.15 Initially formed silicon nanoparticle passivated by 1,6-hexanedioic 

acid/hexanoic acid. 
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Figure 2.16 Photoluminescence of hexanoic acid/ 1,6-heanedioic acid nanoparticle 

attempt. 

 The unsuccessful synthesis of silicon nanoparticles can clearly be seen in the 

photoluminescence spectrum. Very little luminescence was observed and major features 

could be characterized as noise and artifacts from the filters being changed during the 

recording of the spectrum. This failure however, shows that the solubility is very 

important to the process. Not only were the anticipated silicon nanoparticles not 

produced, but also no hexanoic acid passivated nanoparticles were evident. As shown in 

the preceding section, hexanoic acid passivated silicon nanoparticles are produced by 

RHEBM in the presence of hexanoic acid.  

The unsuccessful synthesis of the 1,6-hexanedioic acid/hexanoic acid 

functionalized silicon nanoparticles is probably due to the insolubility of the solid 1,6-
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heanedioic acid in the hexanoic acid, which results in a two phase system in the milling 

vial. The 1,6-hexanedioic acid which was not soluble in the hexanoic acid likely provided 

a soft barrier between the milling ball, silicon wafer, and the wall of the steel vial. While 

the wafers were reduced in size after the milling was completed, the yield was a very low 

9 mg.  

1-Pentanoic acid/ 1,7-heptanedioic acid (5%) passivated silicon nanoparticles. 

The α,ω- dicarboxylic acid, 1,7-heptanedioic acid, was chosen as a coreactant due 

to its significantly longer chain length relative to 1-pentanoic acid (7 carbons versus 5) 

which should eventually facilitate the amide bond conjugation reaction. In addition, 1,7-

heptanedioic acid shows slight solubility in 1-pentanoic acid. As seen in the system with 

hexanoic acid and 1,6-hexanedioic acid, this is a very important aspect, as insoluble 

material prohibited the formation of any silicon nanoparticles. The 1,7-heptanedioic acid 

was only slightly soluble though, which is the limiting factor in the percentage of 

terminal carboxylic acids that can be added to the silicon nanoparticle. Only 5% molar 

solution of 1,7-heptanedioic acid dissolved in 1-pentanoic acid was possible before the 

solubility limit was reached.  
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Figure 2.17 Photoluminescence of 1-pentanoic acid/ 1,7-heptanedioic acid (5%) 

passivated silicon nanoparticles. Normalized by the UV-vis absorbance. 

 The photoluminescence spectrum shows the greatest intensity of all the carboxylic 

acid functionalized silicon nanoparticles. As can be seen in figure 2.16, the emission 

maxima reaches over 60 arbitrary units.  
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Figure 2.18 Infrared spectrum of 1-pentanoic acid/ 1,7-heptanedioic acid (5%) passivated 

silicon nanoparticles. 

 The infrared spectrum of the 1-pentanoic acid/1,7-heptanedioic acid (5%) silicon 

nanoparticles shows the wide absorption of a carboxylic acid. From 3500-2000 

wavenumbers is a very broad peak which is indicative of a carboxylic acid with hydrogen 

bonding.31 A peak at 1725 wavenumbers is the carbonyl stretch of the carboxylic acid 

and suggests a monodentate bonding mode. Also, a very broad and prominent peak is 

observed centered around 1100 wavenumbers attributable to the Si-O stretching 

vibration. 
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Figure 2.19 1H NMR spectrum of 1-pentanoic acid/ 1,7-heptanedioic acid (5%) 

passivated silicon nanoparticles. (* = CDCl3) 

 The 1H NMR spectrum shows the expected peaks A,B,C, and D. Their 

assignments are noted on the inset of figure 2.19. A peak for E, the carboxylic acid 

proton, is not observed. However, the IR spectrum shows that there is a carboxylic acid 

functional group present with a high degree of hydrogen bonding.  
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Figure 2.20 Low resolution TEM of 1-pentanoic acid/ 1,7-heptanedioic acid (5%) 

passivated silicon nanoparticles. 
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 The TEM showed that the 1-pentanoic acid/ 1,7-heptanedioic acid (5%) 

passivated silicon nanoparticles were agglomerated. This is perhaps due to hydrogen 

bonding between the carboxylic acids which promotes agglomeration. Also, the EDS 

shows low concentration of silicon as seen in Figure 2.21 at 1.8 KeV. 

 

Figure 2.21. EDS of 1-pentanoic acid/ 1,7-heptanedioic acid (5%) passivated silicon 

nanoparticles. 

 

The existence of the terminal carboxylic acid, was tested by a conjugation 

reaction with a strand of DNA in collaboration with Dr. David Harris previously of the 

Dr. Jayawickramarajah group. However, the reaction failed. This could be because of two 

problems. First, the carboxylic acid has formed an ester. Secondly, the amount of 

terminal carboxylic acid was too low. The solubility of the 1,7-heptanedioic acid limits 

the amount of possible free carboxylic acid to just 5% by molar concentration. This may 
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have been too small a concentration and so a method for a larger concentration of 

terminal carboxylic acid became the new goal.  

 

Section 2.3.3: RHEBM of complexes in an inert solvent 

The solubility of the di-carboxylic acids is the limiting factor in the synthesis of 

silicon nanoparticles that have a terminal carboxylic acid functional group. This can be 

seen in the preceding section of the 1-pentanoic acid/ 1,7-heptanedioic acid(5%) 

passivated silicon nanoparticles. One method of trying to solve this problem is the use of 

a solvent that will dissolve the carboxylic acids but will not react with the silicon wafers 

to form nanoparticles or side products. One solvent that was found to meet these 

requirements was toluene. A control experiment was run using benzoic acid dissolved in 

toluene.  

 

Benzoic acid passivated silicon nanoparticles. 

 The synthesis of benzoic acid passivate silicon nanoparticles was attempted by the 

milling of 30 mL of Toluene, 2 grams of silicon wafer, and 2 grams of benzoic acid for 

12 hours in a nitrogen atmosphere. The larger insoluble sediment was separated by 

centrifugation and purified by Soxhlet extraction. The average yield was about 20 mg. 
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Figure 2.22 Photoluminescence of benzoic acid passivated silicon nanoparticles. 

Normalized by UV-vis absorbance. 

 The photoluminescence spectrum for the benzoic acid passivated silicon 

nanoparticles shows decent luminescence. The absorption/emission shift is once again 

observed as with all of the silicon nanoparticle systems that have been studied. The first 

absorbance of 300 nm, shows an emission maxima at 408 nm. The second absorbance 

wavelength of 320 nm, shows an emission maxima at 416 nm. The third absorbance of 

340 nm shows the emission maxima at 418 nm. These emission maximums do not shift to 

the same degree as shown with other silicon nanoparticles that were passivated with other 
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carboxylic acids. This may be due to the fact that we do not see a difference in 

populations of difference sizes. This milling process did not produce as many silicon 

nanoparticles (yield of only 20 mg) and those particles may not be as polydisperse, 

resulting in a photoluminescence spectra that does not show the shift exhibited by other 

passivated silicon nanoparticles. 
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Figure 2.23 Infrared spectrum of benzoic acid passivated silicon nanoparticles. 

 The infrared spectrum shows the characteristic peaks of a carboxylate at 1530 and 

1417 wavenumbers. Also observed is the alkene hydrogen stretch at 3067 wavenumbers, 

the aromatic alkene vibration at 1591 wavenumbers, and the alkene bending vibrations at 

717 wavenumbers. These peaks show that the benzoic acid is bound to the silicon 
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nanoparticle and that there is no free benzoic acid present as there is no carbonyl peak 

observed at 1715 wavenumbers. Also, observed is the Si-O vibration around 1100 

wavenumbers. The presence of these expected peaks, and the absence of the peaks 

associated with the starting material proves that the benzoic acid has been successfully 

attached to the silicon nanoparticle through the carboxylic acid.  

 

Figure 2.24 1H NMR spectrum of benzoic acid passivated silicon nanoparticles. (* = 

CDCl2) (# = residual protons of toluene) 

 

 The 1H NMR of the benzoic acid passivated silicon nanoparticles shows toluene. 

Toluene was used in the milling process and was also used during the purification 

process. The reason for such unexpected results is likely due to the small amount of 

product formed and the sparing solubility of the product in the NMR solvent, chloroform. 

This leads to the results shown by the NMR to be inconclusive. 

 The spectral data shows that benzoic acid passivated silicon nanoparticles may 

have been synthesized. However, it needed the help of an addition solvent that is 

* 

# # 
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unreactive with silicon. While this does show that there is a possibility of using an 

unreactive solvent to synthesize carboxylic acid passivated silicon nanoparticles, the 

volume of solvent needed becomes an issue. The milling vial should only be filled about 

50% (30 mL max) with liquid. Increased volume will likely have an impact of the 

production of silicon nanoparticles as the increased volume may impact the velocity and 

momentum of the milling balls. As seen with the hexanoic acid/ 1,6-hexanoic acid 

system, the production of nanoparticles is affected by the conditions in the milling vial. 

The addition of an insoluble mass in the vial resulted in no nanoparticles. The degree to 

which the increased volume would affect the production of silicon nanoparticles was not 

examined as part of this project.  
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Section 2.4: Conclusion 

 Silicon nanoparticles were synthesized from monocarboxylic acids, a mixture of 

monocarboxylic acids and dicarboxylic acids. They were characterized using 

photoluminescence, UV-Vis absorption spectroscopy, 1H NMR, and TEM. The different 

systems were chosen in an effort to reach the goal of silicon nanoparticles with a terminal 

carboxylic acid.  

 The carboxylic acids presented several problems. They had high boiling points 

which meant that the purification was limited to dialysis. Moving to Soxhlet dialysis 

presented a large gain in both the time reduction needed to purify the products and also a 

savings in the volumes of organic solvents needed to purify the products. The use of 

dicarboxylic acids for a straight forward reaction with the carboxylic acids to produce 

terminal carboxylic acids, was severely hampered by the solubility problems that the di-

carboxylic acids presented. As seen with the hexanoic acid/1,6-hexanedioic acid system, 

the insoluble 1,6-hexanedioic acid not only prevented the formation of a terminal 

carboxylic acid nanoparticle, but it also prevented the hexanoic acid passivated particle 

from being formed. Earlier experiments had been able to produce the hexanoic acid 

passivated nanoparticle, but the insoluble 1,6-heanedioic acid acted in some way to 

prevent this from happening. It is most likely that the insoluble 1,6-heanedioic acid acted 

as a cushion between the milling ball and the wafer, or it increased the viscosity of the 

milling solution, inducing drag on the milling ball and decreasing its momentum.  

 Nanoparticles synthesized with the aid of an unreactive solvent to dissolve the 

carboxylic acid was successfully completed. This was done with the solid carboxylic acid 

benzoic acid as a control experiment. Toluene was shown to be a possible solvent as it is 
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unreactive and does not lead to side products. However, using increasingly complicated 

milling solutions led to increasing the volume of liquid required for each milling. The 

milling vial is recommended to only be filled with 25 mL.33 For this reason, this line of 

investigation was discontinued and a new approach was sought. 

 Another drawback to the carboxylic acid systems is the low intensity of 

photoluminescence as compared to the alkene systems. The major goal of the entire 

project is to produce silicon nanoparticles which will have applications that are relevant 

to biology. In order for this goal to be obtained, it is necessary that the nanoparticles 

display sufficient quantum yield of luminescence that they are biologically relevant for 

labeling processes.  

 The original hypothesis that the chain length would have an impact on the yield 

was upheld by the results. Silicon nanoparticles passivated with 1-octanoic yield an 

average yield of 45 mg, 1-hexanoic acid yield an average of 30 mg, and 1-pentanoic acid 

yielded an average yield of 25 mg. All experimental variables were held constant except 

for the chain length carboxylic acid used. Also, the use of a dicarboxylic acid greatly 

decreased the yields as it prohibited the formation of a product in most cases. 
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Chapter 3: Biologically relevant transformations of the vinyl terminated silicon 

nanoparticle. 

Section 3.1: Introduction  

 In chapter 2, the attempted synthesis of carboxylic acid terminated silicon 

nanoparticles by reactive high energy ball milling (RHEBM)1 was described. However, the 

low solubility of the diacids in the co-reactant monoacids limited the production of 

carboxylic acid terminated silicon nanoparticles. Even the nanoparticles that were produced 

were hampered by a low percentage of terminal acid functional groups due to the low 

solubility of the di-carboxylic acids. Another route envisioned for obtaining terminal 

carboxylic acid functionalized silicon nanoparticles is from the oxidation of terminal vinyl 

functionalized silicon nanoparticles.  

The ability for silicon nanoparticles to be used for biological processes is enhanced 

by the presence of a carboxylic acid functionality. This allows for the covalent conjugation of 

biomolecules to the silicon nanoparticles in an efficient manner. One such method that is 

common in probe immobilization on surfaces is to prepare a surface with a succinimidyl ester 

surface layer.2-5 This allows then for the reaction of the biomolecule with an amine 

functionality to be immobilized on the surface. This can be done with a DNA sequence or 

with a lysine group on the surface of a protein.2-4 This is an efficient method that can easily 

be applied to silicon nanoparticles. However, rather than creating an immobile surface, the 

nanoparticles with low cytotoxicity6 can be circulated throughout the human body and be 
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targeted to the area of interest, such as a cancer tumor.7-8 Silicon nanoparticles have been 

previously used for non-targeted fluorescent staining labels, because of their resistance to 

photobleaching.9-10 However, with the ability to covalently link targeting molecules to the 

silicon nanoparticles, the specificity of the labeling increases and the concentration of the 

nanoparticles at the intended target is greatly increased.11  

 In order for this method of using silicon nanoparticles to be successful, the 

nanoparticles must meet several requirements. They must be safe, water soluble, high 

fluorescence yield, and be compatible with the molecules that are to be attached.10 These 

requirements are met by the design for the synthesis of the silicon nanoparticles.  

First, the issue of steric hindrance is dealt with by using 1,7-octadiene as the 

passivating linker molecule. The α-olefin reacts with the fresh silicon surface during ball 

milling to covalently attach the linker molecule to the silicon nanoparticle. The length of the 

linker molecule is also chosen to be long enough that there is flexibility to the chain to allow 

for different conformations to be adopted. The spacer passivating molecule, 1-pentene, is 

chosen so that it is shorter than the linking molecule. This is done to aid in the ease of the 

terminal olefin interacting with other molecules.  

 The silicon nanoparticle must be water soluble. The use of carboxylic functionality is 

designed to aid in the meeting of this requirement. The terminal olefin is oxidized to a 

terminal olefin by an ozonolysis reaction.12 This is illustrated in scheme 3.1 below.  
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Scheme 3.1 Reaction scheme for the production of carboxylic acid functionalized silicon 

nanoparticles from silicon wafers and 1,7-octadiene/1-pentene. 

One possibility for the conversion of a terminal alkene to a carboxylic acid is the 

reaction with ozone. The general reaction mechanism is described by Criegee and is shown 

in scheme 3.2. 
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Scheme 3.2 General mechanism of ozonolysis reaction.12 

As shown, the ozone cleaves the alkene double bond in a cyclization addition reaction 

to form the primary ozonide. However, this then undergoes a conversion to the secondary 

more stable ozonide. This is then reacted with hydrogen peroxide to give the resultant 

carboxylic acid product. Byproducts have been shown to be formaldehyde and formic acid.13 

Park et al.  had previously demonstrated a similar reaction of an organic monolayer of 5-

hexenyldimethylchlorosilane on quartz nanoparticles.13 

 One function for the incorporation of a polar functionality is colloidal stability of the 

nanoparticle in an aqueous solvent. Even though the majority of the nanoparticle (1,7-

octadiene and 1-pentene) surface is nonpolar and contains hydrophobic molecules. The 

nanoparticles must be water soluble and resist oxidation (by the surface being passivated) by 
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the environments that they are in which can be different pH ranges and different salt 

concentration.7, 14-15  

The fluorescence quantum yield of the silicon nanoparticles have been shown to have 

excellent yields making them acceptable candidates for use as labels.1, 7, 9, 16-18 Different 

methods of preparation and functionalization lead to different quantum yields for the silicon 

nanoparticles but silicon nanoparticles have been proven to be acceptable candidates for use 

in biological labelling applications especially since they are resistant to photobleaching 

which is a major problem with conventional organic dyes that have been used as labels.  

 Recently, the cytotoxicity of silicon nanoparticles was found to be dependent on 

surface functionality and the size of the nanoparticles. Positive surface charges have been 

shown to increase toxicity of the particles. However, negatively charged carboxylic acid 

functionalized nanoparticles were shown to have little or no toxicity in rat lung and human 

colon cell lines.19 Also, it was shown that only particles <5.5 nm are effectively cleared by 

the kidneys. This makes silicon nanoparticles ideal, as only nanoparticles that are below the 

Bohr radius of about 5.5 nm are luminescent, and so all of the particles that would be used as 

biolabels, would be able to be cleared from the body. The effects of nanoparticles that are not 

cleared is also not an issue as silicon nanoparticles are oxidized to silica, which is also safe 

for the human body.17, 20 

 The conjugation of carboxylic acid to an amine to form a covalent amide bond is a 

proven strategy.2-3, 16, 21 The covalent attachment of the biomolecule to the silicon 

nanoparticle helps the particle from losing functionality or stability by the leaching of 

molecules from the particle. Other methods of synthesizing and functionalizing particles that 

depend on non-covalent linkage have the added problem of maintaining the particle 
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throughout the cardiovascular system to the target without losing components due to the 

different pH and salt concentration environments which the particle must pass.  

DNA is molecule that is essential to life and has become more interesting to a large 

array of fields of research. The ability to use DNA to target cancer both for imaging purposes 

and also for therapeutic uses such as photodynamic therapy (PDT) makes it a very attractive 

targeting molecule.22 PDT is a therapy in which reactive singlet oxygen is synthesized which 

aids in the destruction of the tumor.23 While the silicon nanoparticle itself is not by itself 

useful as a PDT agent, it can act as a scaffold to which both a targeting molecule and a PDT 

agent can be attached.23-25 DNA also is a great molecule for increasing the water solubility of 

a nanoparticle, not only do we can target functionality but also the ability to better dissolve in 

aqueous environments. DNA can be used to target specific complementary strands of DNA 

located on different proteins and in different organs.  

Ethylenediamine conjugation is a simple way to convert the carboxylic acid 

terminated nanoparticles to amine terminated nanoparticles adding more functionalities to the 

silicon nanoparticles. Amine terminated nanoparticles have been shown to withstand a wide 

pH range from 1-13 and temperatures to 120˚C. 26 Amine terminated silicon nanoparticles 

have also shown promise in cellular imaging as they also display a low cytotoxicity though 

still greater than that of the carboxylic acid functionality.19 
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Section 3.2 Synthesis 

Materials 

 Silicon wafers were obtained from Silrec Corporation of Lexington Kentucky. The 

wafers were undoped, with a mirror finish, and of the 111 orientation. 1,7-octadiene (98.5%) 

and 1-pentene (>98.5%) were obtained from Sigma Aldrich Corporation and were used 

without an further purification. Deuterated chloroform and methylene chloride-d2 were 

obtained from Cambridge Isotope Laboratories, Inc and were used without further 

purification. Methylene chloride was received from Fisher Scientific and was distilled over 

calcium chloride. Tetrahydrofuran was received from Fisher Scientific, radical stabilizer 

butylated hydroxytoluene (BHT) was removed and the solvent was dried, by distillation over 

sodium metal. Bio-beads SX-1 (200 mesh) were obtained from Bio-Rad Laboratories and 

were used as the immobile phase for Gel Permeation Chromatography (GPC). Ozone is 

generated using anT-23 Welsbach Ozonator from the Welsbach Corporation, converting 

oxygen to ozone via an electrical charge. Hydrogen peroxide (30%) was obtained from 

Fisher Scientific and used without further purification. Ethylenediamine was obtained from 

Fisher Scientific and purified by fractional distillation. 

 

Experimental 

1,7-Octadiene/1-pentene passivated silicon nanoparticles  
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A stainless steel milling vial was charged with 1.25 grams of silicon wafers and 25 

mL of a 50% molar solution of 1,7-octadiene and 1-pentene (10.6 mL of 1,7-octadiene and 

14.4 mL of 1-pentene was added to the vial in a dry box with a inert atmosphere. Two 

stainless steel milling balls, each weighing approximately 8.1 grams and 1.2 cm in diameter 

were also added to the vial. The vial was then sealed to the atmosphere and the sample was 

milled in a Spex Sample Prep 8000D mixer/mill at 1060 cycles per minute for 12 hours in a 

cold room with a temperature of 4˚ C.  

 After 12 hours of RHEBM, the vial was opened to the atmosphere and the contents 

were transferred to plastic centrifugation tubes. The mixture was then centrifuged using a 

Thermo IEC CL2 Centrifuge, at 511 G for 30 minutes. The supernatant was then separated 

from the insoluble sediments and the solvent was removed using rotary-evaporation. The 

nanoparticles which were an oily residue of a light brownish color were then re-dissolved 

using dichloromethane. The crude yield was 45 mg. 1H NMR(ppm): 0.7 (s), 1.4 (broad s), 

5.0 (m), 5.5 (s), 5.9 (s) IR: (KBr, cm-1): 3400 (ν O-H), 3077 (ν =CH2), 3000-2800 (ν C-H), 

2126 (ν Si-H), 1680 (ν C=C), 1457 (δ C-H), 1378 (δ C-H), 1100 (ν Si-O), 727 (ν Si-C) 

 

Synthesis of 1,5-hexadiene /1-pentene (20%) silicon nanoparticles. 

A stainless steel vial was charged with 1-pentene (20 mL) and 1,6-hexadiene (4.34 

mL) which were degassed by freeze thaw cycles and combined with 1.25 g silicon chips in a 

dry box. After milling, the milling mixture was centrifuged in plastic centrifuge tubes at 511 

G for 30 minutes. The supernatant was then separated from the insoluble sediments. The 

remaining starting material (1,5-hexadiene and 1-pentene) were removed by rotary 
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evaporation. The product was a brownish oily liquid. The average yield was 60 mg. 1H 

NMR(ppm): 0.9 (s), 1.4 (broad s), 5.0 (m), 5.4 (s), 5.8 (s) IR: (KBr, cm-1): 3081 (ν =CH2), 

3000-2800 (ν C-H), 2108 (ν Si-H), 1680 (ν C=C), 1457 (δ C-H), 1100 (ν Si-O), 805 (ν C-H) 

 

 

 

The reaction of vinyl terminated silicon nanoparticles with KMnO4. 

 A round bottom flask was (100 mL) was charged with 20 mg of vinyl terminated 

silicon nanoparticles passivated with 1,7-octadiene/1-pentene (50%) and the nanoparticles 

were dissolved in 20 mL of tetrahydrofuran. An excess of KMnO4 (1 g) was added to the 

flask dissolved in 1 mL of glacial acetic acid. The reaction was allowed to stir for extended 

periods of time (>24 hours). After the stirring was complete, KMnO4 was quenched with 

sodium bisulfite and the THF and acetic acid were removed using dialysis. These reactions 

were repeated with silicon nanoparticles passivated with 1,5-hexadiene. 

 

Ozonolysis of 50% 1,7-octadiene/1-pentene passivated silicon nanoparticles. 

 A round bottom flask (50 mL) was charged with 45 mg of 1,7-octadiene/1-pentene 

(50%) solution of silicon nanoparticles in 15 mL dichloromethane. The solution’s 

temperature was lowered to -78˚ C using an acetone/dry ice bath. The solution was then 

purged with ozone until the solution turned blue which was an indication that the reaction 

was completed as the blue color is unreacted ozone in solution.12 The solution was then 
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treated to 30 mL of 30% hydrogen peroxide for the conversion of ozonides to carboxylic 

acids. The solution was then pumped to dryness using a rotary-evaporator under reduced 

pressure. The average yield was 20 mg or 44%. 1H NMR(ppm):  0.7 (s), 1.4 (broad s), 1.8 

(s), 2.4 (broad, s), 9.8 (s) IR: 3612-2471 (ν O-H), 3012-2814 (ν C-H), 1712 (ν C=O), 1460 (δ 

C-H), 1100 (ν Si-O), 739 (ν Si-C) 

 

 

Reaction with ethylenediamine 

 The silicon nanoparticles (20 mg) were activated with n-hydroxysuccinimide and 

reacted with ethylenediamine. The nanoparticles and purified ethylenediamine were allowed 

to stir under an inert atmosphere for 48 hours at room temperature. The mixture was then 

washed and the product was collected by extraction with dichloromethane. The yield was 15 

mg. 1H NMR(ppm): ):  1.1 (s), 1.5 (broad s), 1.9 (broad, s), 3.5-4.0, 6.6 (s) IR: 3474-3050 

(ν N-H2), 2992-2803 (ν C-H), 2120 (ν Si-H), 1651 (C=O), 1448 (δ C-H), 1100 (ν Si-O), 729 

(ν Si-C) 

 

 

Section 3.4: Results and Discussion 

1,7-octadiene/1-pentene passivated silicon nanoparticles 

1,7-octadiene/1-pentene silicon nanoparticles were imaged using TEM. The resulting 

images also had EDS performed which showed that silicon was present in the particles 
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(Figure 3.3) A peak at 1.74 KV that corresponds to silicon is seen in the EDS spectra as seen 

in Figure 3.1. The majority of the spectra consists of peaks for copper (8, 8.9 KV), carbon (0-

0.2 KV), and oxygen (0.3 KV) are from the grid itself which is copper and the formvar 

membrane which coats the grid which is composed of carbon and oxygen. These results 

show that the synthesis of silicon nanoparticles has been successful. The nanoparticles were 

then further investigated with NMR analysis to probe the passivating identity.  

 

 

Figure 3.1 TEM and EDS of 50% 1,7-octadiene/1-pentene silicon nanoparticles with 

histogram 
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Figure 3.2 EDS of 50% 1,7-octadiene/1-pentene silicon nanoparticles. 

 

  

Figure 3.3 NMR spectra of 50% 1,7-octadiene/1-pentene silicon nanoparticles. 

Alkyl 

Allylic 

Vinylic 
* 
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 The 1H NMR spectrum of the silicon nanoparticles shows methyl and alkyl regions 

centered around 0.7 ppm and 1.4 ppm (Figure 3.3). The methyl peak is from the 1-pentene 

and the alkyl peaks are from the solution of both 1,7,-octadiene and 1-pentene. There are 

three peaks in the olefinic region at 5 ppm, 5.5 ppm, and 5.9 ppm. The peaks at 5 ppm and 

5.9 ppm are the vinylic protons and have been assigned to the terminal oelfin of 1,7-

octadiene. However, the peak at 5.5 is assigned to an internal double bond. This double bond 

may arise from an “ene” reaction that occurs during passivation during RHEBM. 
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Figure 3.4 infrared Spectra of 50% 1,7-octadiene/1-pentene Silicon Nanoparticles. 

 The IR spectrum shows a vinyl C-H stretch at 3077 wavenumbers. There is also an O-

H stretch present at around 3300 wavenumbers, which is not expected and is probably 

adventitious water. There is a peak at 911 wavenumbers for silicon- carbon stretching. A Si-

H stretch is seen at 2114 wavenumbers along with a C=C stretch at 1640 wavenumbers.  
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Photoluminescence spectra was taken with dichloromethane as the solvent.  

Dichloromethane was chosen as it was the solvent used to dissolve the nanoparticles. The 

solution concentration was adjusted till optical density was 0.3 at 300 nm. The resulting 

spectra of the 50% 1,7-octadiene/1-pentene silicon nanoparticle solution is shown in Figure 

3.5. 
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Figure 3.5 Photoluminescence of 1,7-octadiene/1-pentene silicon nanoparticles, 

Normalized by the UV-vis absorbance. 

As seen in Figure 3.5 a shift is evident that of increased emission wavelength from 

the excitation wavelength. The legend shows the excitation wavelengths and the emission 

maxima can be seen in the spectra. The excitation at 300 shows a maxima at 400 nm, the 

excitation at 320 shows an emission maxima at 407 nm, and the excitation at 340 nm shows 
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an emission maxima at 412 nm. The photoluminescence behavior is characteristic of a 

polydisperse distribution of silicon nanoparticles. As the excitation wavelength increases, 

populations of larger nanoparticles are excited.1 The nanoparticle solutions display a blue 

luminescence rather than a luminescence that changes with the size of the nanoparticles. This 

can be explained by the luminescence is arising from core-hole recombination at defect states 

in the surface, rather than photoluminescence across the bandgap.21 
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Figure 3.6 Absorption spectrum of 1,7-octadiene/1-pentene silicon nanoparticles.  

The absorption spectrum shows a long tail which is consistent with the indirect 

bandgap of the silicon nanoparticles.18, 21, 27 This has been observed in all of the silicon 

nanoparticle solutions produced by the mechanochemical milling process. 
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1,6-hexadiene (20%)/ 1-pentene passivated silicon nanoparticles. 

 The steric properties of the different reactive organic molecules was taken into 

account with the design of the reactions. 1-Pentene was chose as the main passivating alkene 

as it has a shorter chain length than that of the 1,6-hexadiene (6 carbons versus 5 carbons). 

This may be important for both the oxidation of the olefin to a carboxylic acid and also for 

the reaction of the carboxylic acid with an amine to form an amide bond.  
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Figure 3.7 Photoluminescence of 1,6-hexadiene(20%)/1-pentene passivated silicon 

nanoparticles, normalized by UV-vis absorbance. 
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 The photoluminescence of the alkene passivated silicon nanoparticles is also an 

advantage over the carboxylic acid passivated silicon nanoparticles. As seen in figure 3.7 the 

maximum of emission reaches 100 arbitrary units as compared to 65, with the valeric 

acid/pimelic acid passivated silicon nanoparticles, which was the most intense luminescence 

seen from all of the carboxylic acid passivated systems studied.  

 As with the carboxylic acid passivated silicon nanoparticles, a shift is seen between 

the absorbing wavelength and the emission maxima. The first absorbing wavelength at 300 

nm has an emission maxima at 405 nm. The second absorbance wavelength of 320 nm has its 

emission maxima at 411. The third absorbance wavelength at 340 nm having an emission 

maxima at 417 nm.  
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Figure 3.8 Infrared spectrum of 1,6-hexadiene (20%)/1-pentene passivated silicon 

nanoparticles. 

 The infrared spectrum of the 1,6-hexadiene(20%)/1-pentene passivated silicon 

nanoparticles shows an absorption for vinylic C-H stretch at 3076 wavenumbers. There is 

also weak vinyl stretching vibration at 1640 wavenumbers. A strong alkane stretch is 

observed at 2900 wavenumbers for the aliphatic hydrogens. The Si-O stretch is seen at 

around 1100 wavenumbers and is fairly strong. The Si-O is most likely due to oxygen that 

was on the surface of the starting material wafers. A strong C-H bending vibration is 

observed at 804 wavenumbers.  
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Figure 3.9 1H NMR spectrum of 1,6-hexadiene (20%)/1-pentene passivated silicon 

nanoparticles (in CDCl3). 

 The 1H NMR spectrum shows peaks at 5.0 and 5.8 ppm corresponding to the terminal 

olefin, while the small peak at 5.5 ppm is indicative of an internal olefin.28 The methyl group 

of the 1-pentene is seen at 0.9 ppm. The aliphatic region from 1 to 2 ppm is derived from 

both the 1,6-hexadiene and the 1-pentene.  

 The ease of removal of the low boiling alkenes and the dialkenes makes them a more 

suitable correactant compared to the high boiling carboxylic acids. The ability to modify the 

terminal functionality is also a huge asset. The solubility of the dicarboxylic acids severely 

limited the synthesis of carboxylic acid passivated silicon nanoparticles with terminal 

carboxylic functionality, with the greatest percentage of terminal carboxylic acid 

functionality achieved being only 5% with the valeric acid/pimelic acid system. In contrast, 

the alkene/ dialkene solution molar composition was able to be adjusted to any mole fraction 

desired. 
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3.5 Oxidation of the terminal vinyl groups. 

 Conversion of the terminal vinyl groups were first attempted by using KMnO4 as the 

oxidant. The passivated silicon nanoparticles used were synthesized by milling of silicon 

chips with a mixture of 1,7-octadiene/ 1-pentene (50%) in a nitrogen gas atmosphere. The 

nanoparticles were dissolved in THF and 1 gram of KMnO4 was added to the solution. The 

mixture of the two phases were stirred for >24 hours. After the reaction, the KMnO4 was 

quenched with sodium bisulfite and the nanoparticles were purified using dialysis.   

 

Figure 3.10 1H NMR of 1,7-octadiene/1-pentene (50%) Silicon nanoparticles after KMnO4 

oxidation. The unreacted olefin can be seen at 5 ppm and 5.9 ppm. 

Unreacted starting material 
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Figure 3.11 IR of 1,7-octadiene/1-pentene (50%) silicon nanoparticles after reaction with 

KMnO4. 

 

The NMR and IR spectra show that mostly starting material remains after reaction 

with KMnO4. Since this reaction is a two phase system, mixing was a factor in the ability of 

the reagents to mix and react. With more vigorous mixing and longer mixing times, better 

results were seen, however, more byproducts were produced as seen in Figure 3.12 below.  
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Figure 3.12 1H NMR of 1,7-octadiene/1-pentene (50%) silicon nanoparticles after increased 

reaction time (>72 hours stirring with KMnO4).  

 

The problems presented by the heterogenous mixing of the reaction and the production of 

byproducts which were not easily removed by purification presented a challenge for 

obtaining pure nanoparticle products. This ultimately led to a search for a more efficient 

route of conversion that would allow for the reaction to scale more easily. The goal of the 

project is to find a route of production of carboxylic acid terminated nanoparticles in as few 

as steps as possible, with as few byproducts easy route of purification of the products. This 

lead to the search for a new method of oxidizing the terminal vinylic group. 

Ozonolysis proved to be an efficient route to carboxylic acid functionality. This 

method resulted in few byproducts, was easy to purify, and spectral analysis suggests that the 

reaction proceeded to completion. One nice feature of the ozonolysis reaction is the color 
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indicator that the reaction has completed. This is shown by a blue color of the solution when 

all of the alkenes have been consumed and unreacted ozone begins to dissolve in the 

solution.12 This can be seen Figure 3.13 below. 

 

Figure 3.13 Characteristic blue color of dichloromethane containing dissolved ozone.  

The 1,7-octadiene (50%)/ 1-pentene passivated silicon nanoparticles were dissolved 

in dichloromethane. The solution was cooled in an acetone/dry ice bath to -72˚C. Ozone was 

then bubbled through the solution till the dark blue color indicative of dissolved excess 

ozone. This normally took place within 20 minutes, with the solution getting progressively 

darker in blue. The ozonide was then oxidized to carboxylic acid functionality by the 
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addition of hydrogen peroxide. The products were then pumped to dryness and the 

nanoparticles dissolved in dichloromethane. 

 

Photoluminescence of carboxylic acid terminated silicon nanoparticles 

 The resultant product was characterized using a combination of 1H NMR, IR, UV-

Vis, and Photoluminescence. The photoluminescence is shown in Figure 3.14. It shows a 

decrease in the intensity of emission (corrected by normalization to the absorption) for all 

exciting wavelengths.  
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Figure 3.14 Photoluminescence of carboxylic acid terminated silicon nanoparticles. 
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There is still the characteristic excitation/emission shift that is characteristic of 

nanoparticle populations. The different size nanoparticles absorb different wavelengths based 

on their bandgap. However, the normalized emission has been decreased perhaps by 

oxidation of unprotected surface areas of the silicon nanoparticle by the small molecule 

ozone. There is also the possibility that this decrease is simply a function of the solvent 

interactions with the carboxylic acid terminated nanoparticles as the luminescence intensity 

has been shown to be a function of the pH of the solution.29 The solubility of the 

nanoparticles may also play a key role. The particles are not water soluble, likely due to the 

formation of dimers between the carboxylic acid functional groups, and the pH had to be 

increased in order to obtain absorption and emission spectra of the carboxylic acid terminated 

nanoparticles. This can be seen below in the two photos of the carboxylic acid nanoparticles 

solutions at different pH. 

As can be seen the water solubility of the carboxylic acid terminated nanoparticles is greatly 

dependent on the pH of the water solution.  This is seen in Figure 3.15 as a non-dispersed 

colloid on the left and a dispersed solution on the right.
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Figure 3.15 Water solubility of carboxylic acid terminate nanoparticles at pH 2 on the left 

and at pH 8 on the right. 

 IR analysis shows strong evidence for the formation of carboxylic acid functionality. 

The spectra is shown in Figure 3.16 below.  
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Figure 3.16 Infrared spectra of carboxylic acid terminated silicon nanoparticles. 

 

The characteristic broad absorption from 3600-2300 cm-1 is very indicative of a carboxylic 

acid functionality. Also, there is now the prominent peak at 1711 cm-1 which is now present 

that is evidence of a carbonyl group. These two features lend strong evidence of a conversion 

from terminal olefin to a carboxylic acid functionality. However, it is not clear that the 

conversion of the vinylic group proceeded totally to the carboxylic acid functionality. The 

reaction goes through an aldehyde intermediate, which is oxidized by the hydrogen peroxide 

to carboxylic acid. It is possible that some of the aldehyde functionality remains. The 

carbonyl peak should be expected at 1760 wavenumbers for a free carboxylic acid 

functionality. The dimer appears at 1706-1720 cm-1, which could also account for the 
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observed carbonyl stretching vibration. However, the aldehyde C-H stretch should appear in 

the range of 2695-2830 cm-1, the observed peak in this spectrum is at 2856 cm-1.  

The 1H NMR spectra is shown in Figure 3.17 below. 

 

 

 

Figure 3.17 1H NMR of carboxylic acid terminated silicon nanoparticles in CDCl3. 

The 1H NMR shows a carboxylic acid or aldehyde proton at 9.8 ppm. The alkyl and 

the methyl regions appear as expected. The 1H NMR confirms that the terminal olefin has 

been converted from a terminal vinylic functionality. These spectra show that the 

characterization of whether the reaction has completed the oxidation to a carboxylic acid 

functionality, or if it was incomplete with a percentage of the product remaining as an 

aldehyde functionality. The presence of a terminal carboxylic acid functionality was 

confirmed by the conjugation of ethylenediamine to the free carboxylic acid. 
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3.6 Conjugation of amine to carboxylic acid terminated silicon nanoparticles.  

Method of conjugation 

 Conjugation between carboxylic acid and amines proceeds slowly without first 

activating the carboxylic by adding a better leaving group. This was done by the reaction 

with N-hydroxysuccinimide (NHS) in the presence of dicyclohexylcarbodiimide (DCC). This 

reaction was carried out in dry THF. A scheme is shown in Scheme 3.2. 

 

Scheme 3.3 Activation of carboxylic acid. 

 The formation of the amide can be facilitated by a good leaving group in the 

regeneration of NHS which helps to drive the reaction towards completion. To insure that all 

of the carboxylic acid moieties on the surface of the silicon nanoparticle were activated, a 10 

fold excess by mass was used. The excess DCC and NHS are easy to separate in a washing 

purification step and have no impedance on the progression of the reaction. The formation of 
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water in dried THF provides a driving force for the increased yield of conversion for the 

reaction. 

 

Characterization of amine terminated silicon nanoparticles. 

 Silicon nanoparticles with a terminal carboxylic acid functionality were prepared by 

milling silicon chips with 1,7-octadiene (50%)/1-pentene. The silicon nanoparticles which 

then had a terminal vinylic group which was oxidized using ozone as described in the 

previous section. The carboxylic acid terminated silicon nanoparticles were then activated by 

reacting the carboxylic acid functionality with DCC and NHS in THF as described above. 

The activated nanoparticles were then stirred with ethylenediamine in dried THF for 24 

hours. The starting material was attempted to be purified by dialysis. 
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Figure 3.18 Infrared spectra of Amine terminated silicon nanoparticles. 

 The IR spectra of the amine terminated nanoparticles shows a very broad peak 

centered around 3300 cm-1 which is the hydrogen bonding of the terminal amine 

functionality. Also, the carbonyl peak which was seen at 1711 cm-1 has shifted down to 1650 

cm-1. This is indicative of the carbonyl from the carboxylic acid converting to a carbonyl of 

an amide group.30 These two features lend very good evidence for the conversion of the 

carboxylic acid functionality to an amine functionality. 
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Figure 3.19 1H NMR of amine terminated silicon nanoparticles in CD2Cl2. 

 The 1H NMR spectra of the amine terminated silicon nanoparticles shows three 

distinct regions. There is the methyl region at 1.1 ppm that is the methyl functional group of 

the 1-pentene functional group. There are also two broad peaks at 1.5 ppm and 1.9 ppm that 

are alkyl regions that represent the alkyl carbon chains of the 1-pentene and the 1,7-octadiene 

passivating layer. The peaks between 3.5 and 4.0 are assigned to the amine functionality of 

the terminal amine. Also, a small peak at 6.6 is representative of the amide bond. 
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Figure 3.20 Photoluminescence of amine terminated silicon nanoparticles. 

 The photoluminescence of the amine terminated particles when normalized to the 

absorbance of the solution, shows an increase in luminescence over both the carboxylic acid 

nanoparticles and the starting material 50% 1,7-octadiene/1-pentene silicon nanoparticles. It 

was theorized earlier that the decrease in the luminescence of the carboxylic acid terminated 

nanoparticles could be due to the ability of ozone, a small molecule, to be able to penetrate 

the passivating layer and oxidized the silicon surface at defect sites. However, the 

luminescence of the amine terminated particles surpasses even that of the starting material 

(1,7-octadiene/1-pentene silicon nanoparticles) in intensity. Whether this is due to solvent 

effects and there was no oxidation during the ozonolysis step is a question that remains 

unanswered.  
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Conjugation with DNA 

For further proof of the ability to conjugate biological molecules of interest to the 

carboxylic acid terminated silicon nanoparticles, a collaborative project was undertaken to 

attach a short DNA sequence to the nanoparticles. This was done in collaboration with 

Cooper Battle of Dr. Jayawickramarajah’s group. Two conjugations were successfully 

completed using first a single strand (5’-TCAA CAT CAG TCT GAT AAG CTA-C5NH2-3’) 

as the short strand of DNA that was conjugated. The coverage of the terminal carboxylic acid 

functionality were varied between 50% in the one reaction and 25% in the second. The 

second conjugation was carried out with hybridized DNA containing a complementary 

sequence to the original strand of DNA (3’-GTC AGA ATA TTC GAT-5’). After 

purification of the conjugation reaction product, gel electrophoresis was performed in an 

polyacrylamide gel.  

Silicon nanoparticles that were passivated using 1,7-octadiene (50%)/1-pentene were 

oxidized to a carboxylic acid functionality using ozone as described previously. The 

carboxylic acid functional groups were then activated using DCC and NHS. The amine 

terminated DNA strand was then stirred with the silicon nanoparticles . The reaction was 

then purified using centrifugation filters with a 30 KD cutoff. The results of these 

conjugation reactions are shown below.  

 

 



129 
 

 

Figure3.21 polyacrylamide gel of 1,7-octadiene/1-pentene (50%) silicon nanoparticles 

conjugated with DNA (5’-TCAA CAT CAG TCT GAT AAG CTA-C5NH2-3’) and stained 

with silver ion solution. 
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Figure 3.22 polyacrylamide gel of 1,7-octadiene/1-pentene (25%) silicon nanoparticles 

conjugated with hybridized DNA which was incubated with Sybr-green, an intercalating 

fluorescent marker. 

 

The gels are a comparison of the position of the free DNA sequence that was run as a control, 

with the lanes containing silicon nanoparticles that have been conjugated with the DNA, 

shows that the distance traveled differs from the control. The gel uses two different 
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properties to separate the materials, size and charge. The DNA sequences have the same 

charge whether it has been conjugated or is free. However, the conjugated silicon 

nanoparticles will have a significant larger size allowing for the gel to separate the conjugates 

from the free DNA based on the size difference. TEM images were also taken of the 1,7-

octadiene/1-pentene (25%) silicon nanoparticles conjugated with the DNA sequence.  

 

Figure 3.23 TEM of 1,7-octadiene/1-pentene (25%) silicon nanoparticles conjugated to 

DNA. 
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Figure 3.24 EDS of TEM of 1,7-octadiene/1-pentene (25%) silicon nanoparticles conjugated 

to DNA. 

 

Figure 3.25 TEM and EDS of 1,7-octadiene/1-pentene (50%) silicon nanoparticles 

conjugated with DNA. 
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Figure 3.26 Histogram of TEM particles of 1,7-octadiene/1-pentene (50%) passivated silicon 

nanoparticles conjugated with DNA. 

 

The TEM and EDS show that there are silicon nanoparticles present and that the EDS also 

shows the elements of silicon for the nanoparticles, magnesium, phosphorous, and nitrogen 

which are expected from the DNA sequence.  
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3.7 Conclusion 

 Based on the spectral analysis of the silicon nanoparticles, it appears that there is 

strong evidence that the 50% 1,7-octadiene/1-pentene silicon nanoparticles did undergo a 

conversion of their terminal functionality from olefin to carboxylic acid, and finally to amine. 

This was supported by the IR of the functionalities and also by the 1H NMR of the 

nanoparticles as they progressed through their functionalities. This has led to a method of 

synthesizing both carboxylic acid and amine terminated nanoparticles. However, other 

methods have been shown to be easier routes as both functionalities can be gained by 

RHEBM with the appropriate, though expensive, reactants. This is an economically feasible 

route as all of the reactants were fairly cheap and common reactants found in the laboratory. 

However, the many steps coupled with the fact that not all reactions and conversions went to 

completion means that this route needs to begin with a larger amount of starting material 

which does not lend itself to being an efficient method of synthesis even though it may be a 

cheaper route. 

 The ability to conjugate amines to a carboxylic acid functionalized silicon 

nanoparticle opens up many interesting avenues of research. It is possible to conjugate almost 

any biomolecules that have a free amine without steric hindrance preventing the conjugation. 

The water solubility of the carboxylic acid functionalized nanoparticle is not ideal however. 

Most reactions were carried out in organic solvents which show a markedly improved 

solubility for the nanoparticle. It may be necessary to add a water soluble spacer group to 

take the place of 1-pentene to increase the water solubility of the carboxylic acid 

functionalized nanoparticles. Similar reactions as to those described here were performed but 

with a 25% molar solution of 1,7-octadiene/1-pentene silicon nanoparticle solution. There 
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was no recognizable difference by inspection to the difference in solubility between these 

two molar concentrations. This seems to suggest that the carboxylic acid functionality does 

not impart much water soluble character to the nanoparticles, probably due to the formation 

of dimers. Perhaps a water soluble spacer group will increase the water solubility as the water 

solubility property is very important with respect to the nanoparticles ability to be a good 

platform for biomolecules which will be more likely to be water soluble.31  

 The amine functionalized silicon nanoparticles were more water soluble than the 

carboxylic acid functionalized silicon nanoparticles. However, they still show only partial 

water solubility and will aggregate with time when left exposed to water. After aggregation, 

it is very difficult to re-disperse the nanoparticles in even organic solvents such as 

dichloromethane, which showed excellent solubility prior to aggregation.  

 The increased luminescence of the amine terminated silicon nanoparticles is 

important to note. The luminescence is an important physical property which is of great use 

in many biological roles. These particles coupled with a biomolecule that is targeted to a 

tumor would prove very useful in detection of remaining cancerous cells during a surgical 

procedure to remove cancerous tissue.  
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Chapter 4. X-ray investigation and characterization of silicon nanoparticles. 

Section 4.1: Introduction 

X-ray absorption near edge spectroscopy (XANES) is an experiment which is 

dependent on a synchrotron light source compatible with the energy levels needed for the 

observed atom. One of the limiting factors of using XANES for silicon is the need for a 

soft x-ray source. Silicon requires a relatively low energy source, below 10 KeV, 

compared to a large majority of synchrotron sources that are currently available for use. 

The increase in the power of light sources is shown graphically in Figure 4.1.  

 

Figure 4.1. Energy levels of synchrotrons.1  
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Synchrotron light was developed at General Electric laboratories in 1947.2 When 

electrons are accelerated in a circular orbit at speeds approaching the speed of light they 

emit x-rays at a tangent to their orbit. The Center for Advanced Microstructures and 

Devices (CAMD) has a synchrotron light source that is compatible for silicon 

experiments. The synchrotron operates with a 1.5 GeV storage ring. It is located in Baton 

Rouge and is affiliated with Louisiana State University. It was the accessibility of this 

light source which allowed for this project to go forward.    

XANES is a technique that provides detailed information on the electronic 

properties of a material such as silicon nanoparticles. A synchrotron is used to provide x-

rays which are tuned to the threshold energy of the material which causes an exciton to be 

formed by the excitation of a core electron to an unoccupied or continuum state. The 

secondary processes are then observed such as Auger electrons, x-ray fluorescence, or 

visible fluorescence.3  

XANES provides elemental specific information on the oxidation state and the 

coordinating environment of components of a material.4 There are three ways in which 

this experiment is generally conducted. The experiment can be done in transmission 

mode, electron yield, or in fluorescence mode. 

The transmission method of XANES detection depends on the sample being able 

to be transparent to the x-ray. The method of measuring the transmission method is a 

series of ionization chambers that are on either side of the sample.5 
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Figure 4.2 Transmission experiment setup of sample in ionization chamber.6  

This method is a direct measurement of the x-ray absorption by the sample. This method 

also is able to probe the entire depth of the sample and is not sensitive to the surface as 

with the total electron yield method (TEY).6 The absorbance is measured as the intensity 

which is equal to the original intensity of the ion chamber before the sample multiplied 

by an exponential function of the negative of the absorbance coefficient (μ), multiplied 

by the thickness of the sample, as seen in figure 4.2.  

The electron yield method is not a direct measure of the absorbance of the x-rays 

as with the transmission method. The total electron yield (TEY) method measures the 

Auger electrons that are caused by the core electron being excited to an excited state. 

These creates holes in the valence band that are then filled by Auger decay. The primary 

Auger electrons interact with the environment around the primary absorber creating 

secondary scattering electrons which dominate the TEY method. This method is more 

sensitive to the surface of the sample and does not penetrate the sample more than a few 

nanometers.  
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Figure 4.3 Total electron yield method.6 

In this method the absorbance is calculated as seen in Figure 4.3, as the intensity 

of absorbance is equal to the original intensity multiplied by the absorption coefficient (μ) 

and the sample depth. 

A third method of detection is the measurement of the florescence of the sample. 

This method is very similar to the method of taking the photoluminescence of the sample. 

The sample is excited and the radiative recombination of the core and hole is measure by 

the photons emitted which is measured by a silicon drift detector.  

Once the experimental data is collected, the analysis can be done in a few ways. 

Fingerprinting is a method in which standards of high purity that have also had their 

XANES spectra taken are compared to the experimental unknown spectra.7-8 This method 

however, is mostly constrained to identifying known compounds in the sample. However, 

this technique is closely related to linear combination analysis.9 In this method a series of 

known compounds is compared to the unknown. This is most useful when comparing a 

sequential range of oxidation states to an unknown sample. This method is used with 

great results with transition metal elements. XANES has the specificity and ability to 

detect low concentrations of material which makes this method very useful. 
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A third method for analyzing XANES samples is to model the XANES spectra of 

compounds that may comprise your sample. The theoretical XANES spectra can be 

produced by such software packages as FEFF. FEFF is a software package that can 

calculate the x-ray absorbance of materials based on Green’s Theory.10-11 The theoretical 

spectra can be compared to the experimental spectra much as one would with the 

fingerprinting method.12 Also, a series of compounds could be modeled to create a 

theoretical linear combination to fit the experimental spectra.13  

XANES has been used extensively with silicon compounds. XANES has been used to 

study gases such as methylflurosilane, minerals (Figure 4.5), polymers,4, 14-15 and 

nanoparticles.16-18 The results of such studies, which were performed at CAMD, were a 

starting point for the interpretation of the silicon nanoparticle XANES results. Some of 

the same features can been seen and have already been identified. One such feature is the 

broad peak that is present in many spectra of both the nanoparticles and of the minerals 

and methylflurosilane, which was attributed to the ionization potential of the core 

electron from the K edge.19 
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Figure 4.4 Silicon K-edge XANES of methylflurosilane.19 Antenna denotes 

ionization potential. 
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Figure 4.5 Silicon K-edge XANES of silicon minerals.20 

The Veinot group has also studied the XANES of monodisperse size samples of silicon 

nanoparticles and the results obtained are compared to the results of silicon nanoparticles 

synthesized by reactive high energy ball milling and show good agreement.  
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Section 4.2: Experimental 

 All XANES experiments were performed at the Center for Advanced 

Microstructures and Devices (CAMD) on the campus of the Louisiana State University 

(LSU). The samples that were used for the XANES experiments were nanoparticle 

samples that were prepared using the reactive high energy ball milling technique that is 

described in chapters 2 and 3. The other samples are standards that were purchased.  

Samples were prepared in two ways. First, the silicon nanoparticle samples were 

dissolved in dichloromethane and then deposited on a Kimwipe which was taped to the 

sample holder. This simple preparation was found to be the most efficient method, as the 

Kimwipe was thin enough to allow the beam pass through the sample and was devoid of 

any residual silicon species used in the manufacturing process. Secondly, the powdered 

standard sampled were ground using a mortar and pestle and were then sealed inside a 

mylar pouch. The mylar pouch was constructed of a piece of mylar that had the sample 

sprinkled onto it, folded over and then taped with scotch tape. The ground particles of the 

samples clung to the mylar, and were situated on the sample holder so that the beam 

passed through a portion of the mylar pouch that was populated with the powdered 

sample. 

The XANES experiments were performed on the double crystal monochromator 

(DCM) beam line. The set up for the DCM beam line is shown in Figure 4.6.  
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The DCM beam line is situated on a bending magnet 5 and accepts 2 mrad of 

radiation. The beam line has been in operation since 1994 and uses a Lemmonier-Bonn 

type of double crystal monochromator.21 The crystal used for silicon K-edge experiments 

were YB66 (400) which are useful between 1170 – 4090 eV. The k-edge of silicon is 1842 

eV, well within the range of these crystals. A bremsstrahlung shutter has been added 

downstream from the monochromator, so that the samples can be changed in the 

experimental hut, while the monochromator is still exposed to light. This is of great help 

as the crystals are constantly exposed to light and the thermal equilibrium of the crystals 

is maintained while the samples are being changed. This allows for data from the samples 

to immediately be taken, without a required time period for the crystal to once again 

reach thermal equilibrium.  

The DCM beam line can detect data by three means; there is a 13- element 

germanium diode array fluorescence detector, a Lytle fluorescence and electron yield 

detectors, and ionization chambers. This allows for data to be collected by transmission, 

fluorescence, and electron yield modes. The experiments discussed in this chapter will all 

be data that was collected using the ionization chambers to collect transmission data. 

The experimental set up consisted of preparing the sample by making the mylar 

pouch or by evaporating the nanoparticle samples on a strip of Kimwipe. The samples 

were then affixed to the sample holder which was positioned perpendicular to the 

radiation beam. The ionization chamber was then pumped down till it was a steady 0.2 

atm. The fill gas used was nitrogen which is the suggested gas for samples below 3 

KeV.22 The hutch was then secured and the bremsstrahlung shutter was opened allowing 

radiation into the ionization chamber.  
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Two silicon nanoparticle systems were investigated, nanoparticles passivated by 

1-octyne and 1-octene. The particles were prepared by reactive high energy ball billing 

using the same methods previously described in Chapters 2 and 3 and reported by 

Heintz.33 The systems were all fractionated using a gel permeation chromatography 

column. This separated the molecular impurities from the nanoparticles while also 

separating the nanoparticles by size. The earlier fractions contain nanoparticles that are 

larger and the later fractions contain nanoparticles that are smaller. These fractions were 

then individually investigated using XANES.  
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Section 4.2.1: Results and discussion 

XANES Spectroscopy 

The experiment is calibrated by using two standards. The first is silicon dioxide 

which is known to have a strong peak at 1848 eV. This can be seen in Figure 4.7 below. 
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Figure 4.7. XANES spectra of silicon dioxide standard. 

The other standard that was used for calibration was powdered silicon that was 

ground using a mortar and pestle right before the experiment so that the surface of the 

silicon would not be overly oxidized. This can be seen in Figure 4.8. 
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Figure 4.8. Silicon powder standard. 

Calibration was done daily with silicon dioxide to insure that the data recorded 

was correctly calibrated. The two silicon nanoparticle systems were then recorded. Below 

in Figure 4.9, the XANES spectra for 1-octyne passivated silicon nanoparticles can be 

seen. These nanoparticles were prepared by Dr. Tapas Purkait in 2010. 
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Figure 4.9 XANES results of 1-octyne passivated silicon nanoparticle fractions. 
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Figure 4.9B. Close up view of all normalized peaks of 1-octyne passivated silicon 

nanoparticles over laid, showing trend for later fractions to have moved to lower 

wavenumbers. 

 

 As seen in the XANES spectra of silicon nanoparticles passivated by 1-octyne, 

there is a trend of the major peak observed first being observed at 1848 eV and then trends 

towards 1842 eV with later fractions.  This is explained by the first fractions having more 

oxygen present on the surface of the silicon nanoparticles.  There is a secondary feature 

that is seen that lies between the bordering peaks at 1842 eV and 1848 eV. This is a fine 

peak splitting feature that is the focus of this project.  The assignment of this peak splitting 

will be discussed later in the modeling section. 
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The XANES spectra of 1-octene passivated silicon nanoparticles is seen in Figure 

4.10. These nanoparticles were prepared by Dr. Zejing Xu. 
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Figure 4.10 XANES results of 1-octene passivated silicon nanoparticles. 
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Figure 4.10B. Close up view of all normalized peaks of 1-octene passivated 

silicon nanoparticles over laid, showing trend for later fractions to have moved to lower 

wavenumbers. 

 

The same trend can be seen in the 1-octene passivated silicon nanoparticles as 

was seen in the 1-octyne passivated silicon nanoparticles. The early fractions show the 

major peak occurring at 1848 eV, which is where silicon dioxide is observed. This 

indicates that there is oxygen on the surface of the nanoparticles which is not unexpected. 

This is a common trend with the silicon nanoparticles prepared by reactive high energy 

ball milling and is observed in the infrared spectra of the particles as seen in the IR 

spectra of 1-octene passivated silicon nanoparticles in Figure 4.11. 
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Figure 4.11 Infrared spectra of 1-octene nanoparticles. 

The later fractions trend towards 1842 eV, the same trend that was observed with the 1-

octyne passivated silicon nanoparticles. Once again, an intermediate peak is also 

observed.  

 The nature of the intermediate peak was investigated by obtaining the XANES of 

a series of highly pure commercially available silicon standards. The interest in these 

molecules was to try and identify similar peaks with highly pure molecules, so that the 
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unknown peak could be assigned. This method is the fingerprinting method that was 

described in the introduction to this chapter. The molecules and their corresponding 

XANES spectra are shown. 

 

Silicon standards: 

 

 

Octaphenyl –T8- silsesquioxane 

 

 

Octakis(tetramethylammonium)-T8-

silsesquioxane hydrate 
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Octakis(dimethylsiloxy)-T8-

silsesquioxane 

Octavinyl –T8-silsesquioxane 

 

Octaphenylcyclotetrasiloxane 

 

 

Hexaphenylcyclotrisiloxane
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Figure 4.12 XANES spectra of octaphenyl –T8- silsesquioxane. 

The XANES spectra of octaphenyl –T8- silsesquioxane, (PhSiO3/2)8 shows a strong major 

peak at 1848 eV. This is expected as there multiple Si-O bonds in the molecule. 

However, there are slight shoulders that appear at 1844 and 1845 eV. These shoulders 

appear to correspond to Si-C bonds. 
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Figure 4.13 XANES spectrum of octakis(dimethylsiloxy)-T8-silsesquioxane. 

 

The XANES spectrum of octakis(dimethylsiloxy)-T8-silsesquioxane, 

((CH3)2SiHSiO3/2)8 shows a very defined strong peak at 1844, as compared to the slight 

shoulder seen in octaphenyl –T8- silsesquioxane. Here however, there are bonds to both 

methyl groups and also hydrogen that could be assigned to this peak. There is no separate 

peak observed for Si-C and Si-H. Once again, as expected, the major peak is the peak at 

1848 eV for the Si-O bonds.  
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Figure 4.14 XANES spectra of octakis(tetramethylammonium)-T8-silsesquioxane 

hydrate 

Octakis(tetramethylammonium)-T8-silsesquioxane hydrate, ((CH3)4NSiO3/2)8 was chosen 

as there are no bonds except for Si-O bonds. However, there are counter ions of 

tetramethylammonium. However, as seen in the spectra, there is no peak or shoulder 

present for any scattering interaction with the counter ion.  
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Figure 4.15 XANES spectra of octavinyl –T8-silsesquioxane 

Octavinyl –T8-silsesquioxane, (C2H3SiO3/2)8 was chosen as a standard because of 

the vinyl group attached to the silicon atoms. The location of the peak that was associated 

with this feature should be comparable to both the 1-octyne and the 1-octene passivated 

silicon nanoparticles which both have possible bonding modes with an sp2 hybridized 

carbon. As seen there is a distinct peak, however, not a strong peak, at 1846 eV. Once 

again the major peak is the Si-O peak at 1848 eV.  
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Figure 4.16 XANES spectra of octaphenylcyclotetrasiloxane. 

The spectra of octaphenylcyclotetrasiloxane, (Ph2SiO)4 shows a major peak at 

1848 eV that corresponds to the multiple Si-O bonds. Also, there is a minor peak at 1844 

eV that corresponds to the Si-C bond with the phenyl groups.  
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Figure 4.17 XANES spectra of hexaphenylcyclotrisiloxane. 

The XANES spectra of hexaphenylcyclotrisiloxane shows the same trend. The Si-

O peak is seen at 1848 eV as is seen in all the other silicon standards with an Si-O bond. 

There is also a minor peak seen at 1844 eV that corresponds to the Si-C bond of the 

phenyl group.  

 With the information gained from the highly pure standards, the assignment of 

bonds was attempted as with the fingerprint method of assignment. The Si-O bond is 

represented by a strong peak at 1848 eV. However, the assignment of the intermediate 
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peak could not be accomplished by the finger printing method. Whether there was a Si-H 

or an Si-C bond, the peak was between 1844 and 1846 eV. The peak did not correspond 

to a change in the hybridization of the carbon that was attached to the silicon. The phenyl 

groups of hexaphenylcyclotrisiloxane and octaphenylcyclotetrasiloxane showed a peak at 

1844 eV which is the same as the methyl groups bonded to silicon in 

octakis(dimethylsiloxy)-T8-silsesquioxane.  

 The XANES of our nanoparticles can be compared to an earlier XANES study 

conducted by the Veinot group. These results are of silicon nanoparticles prepared from 

the etching of silicon rich powders prepared by thermal annealing of hydrogen 

silsesquioxane as described in chapter 1. As seen in Figure 4.18 the silicon nanoparticles 

are shown plotted with a silicon standard, a silicon dioxide standard, a control, and the 

styrene and 1-hexene passivated silicon nanoparticles. The control refers to silicon 

nanoparticles that are freshly etched and have a surface of hydrogen.  
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Figure 4.18 XANES K-edge spectra of silicon nanoparticles prepared as described 

in chapter 1 from silicon rich silicon oxides.17, 23 

 

As seen in Figure 4.18 the total electron yield (TEY) and the photoluminescence 

yield (PLY) offer two different sets of information. The TEY is more of a surface 

technique while the PLY shows information that is mainly from the core of the silicon 

nanoparticle. While the TEY of the styrene nanoparticles shows that the nanoparticles are 

mostly oxidized, the PLY shows mostly the silicon core contribution with a small peak 

for the oxidized surface.  
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The XANES spectra of the control, 1-hexene, and styrene passivated samples all 

show a major peak at 1842 eV corresponding to the K-edge of the silicon. There is also a 

smaller peak in each spectra around 1844-1846 eV that corresponds to the passivating 

layers of hydrogen, hexane, or styrene. These results are in good agreement with our 

results.   

The investigation of the silicon XANES of different passivated silicon films 

containing nitrogen shows similar peak features (Figure 4.19). 

 

Figure 4.19 TEY-XANES spectra for silicon rich silicon nitride films (a) plasma 

enhanced chemical vapor deposition (PECVD), (b) electron cyclotron resonance PECVD, 

and (c) inductively coupled plasma chemical vapor deposition films at the Si K-edge. A, 
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B, and C indicate the peak positions for Si-Si, Si-N, and Si-O resonances, respectively. 

The percentages in the legend refer to the excess silicon content of the silicon rich silicon 

nitride films.24 

 There is an onset of silicon absorbance (1842 eV) and also a peak at 1844-1846 

eV for the nitrogen that is bonded to silicon.  The percentage of nitrogen is varied in the 

silicon films, producing different line shapes, however, the same trends of a peak 

between 1844-1846 eV for a molecular species bonded to the silicon is present. This 

doesn’t change with the hybridization of the carbon atom directly attached to the silicon, 

nor does it change with the element that is attached to the silicon. Since assignment of the 

intermediate peak was not successful using the finger printing method by comparing with 

pure standard compounds, another method of interpreting the XANES spectra was 

needed. This was attempted by using modeling of the silicon nanoparticle clusters using 

FEFF9. 
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Section 4.3: Modeling 

 Modeling the silicon nanoparticles was the next step in trying to assign the 

intermediate peak between 1844 and 1846 eV. FEFF9 is an ab initio multiple scattering 

software package available from the University of Washington Physics department. The 

program allows for the multiple scattering calculation of XANES.11 This allows for the 

silicon nanoparticles to be modeled with the basis of the model being the optimized 

structure coordinates of the silicon nanoparticles. This was accomplished using the 

SPARTAN software package. Silicon nanoparticles modeled and the structure was 

optimized using Merck molecular force field (MMFF) calculations.  

 The models were first constructed to determine the effect of the passivating 

organic molecule. A 29 atom silicon nanoparticle with Td symmetry was attached with a 

range of alkyl chains (1-8 carbons in length). The model was optimized using MMFF and 

the coordinates of the model were inputted into the FEFF9 modeling program. The 

program requires than an absorbing atom be identified. With the nanoparticle having Td 

symmetry, there were three levels of silicon atoms in the model. The silicon at the core, 

which was surrounded by 4 silicon atoms (second “level”) and then 24 silicon atoms that 

were surface atoms (third “level”). This can be seen in Figure 4.  
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Figure 4.20 Model of 29 at silicon nanoparticle with propyl chains passivating surface. 

 The symmetry of the nanoparticle allows for only one atom at each level to be 

designated as the absorbing atom. Then the three “levels” are weighted by their frequency 

and a composite model XANES structure can be derived. The results of this modeling 

with the differing chain lengths can be seen in Figure 4.19.  
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Figure 4.21 FEFF calculations of chain length on 29 atom silicon nanoparticle (0.8 nm). 

The results of the FEFF calculations on chain length shows no trend as was seen 

with the 1-octyne and 1-octene passivated silicon nanoparticles. There is a trend however, 

that the longer the chain length the stronger the Si-Si peak at 1842 eV is. There is no 

trend however, that smaller nanoparticles (including the chain length) have a major peak 

at 1842 eV, while the larger particles have a major peak at 1848 eV. This can be 

explained as there are no Si-O bonds in these silicon clusters. There is a constant peak at 

1850 eV. This peak lies outside of the range that was observed experimentally that was 
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bordered by 1842 and 1848 eV. There was an experimental constant peak that showed no 

change that appears at about 1860 eV. However, the intermediate peak that is of interest 

is seen at 1846 eV. The peak is very well defined in some FEFF spectra while only seen 

as a shoulder in other spectra such as the propyl passivated silicon nanoparticle.  

A second aspect of the silicon clusters that was investigated by modeling was the 

effect of the silicon cluster size on the XANES spectra. This was accomplished by 

constructing silicon clusters with larger diameters corresponding to different “layers” of 

silicon atoms surrounding the silicon core. A 119 atom cluster was constructed and then 

its geometry was optimized using MMMFF calculations using the SPARTAN program as 

was done for the silicon 29 clusters. The diameter of the 119 silicon atom cluster was 1.5 

nm. A third cluster was also constructed using 232 silicon atoms. This cluster has a 

diameter of 2 nm. This cluster was optimized using MMFF calculations and the 

optimized geometry structural coordinates inputted into the FEFF program as were with 

the other two silicon cluster sizes. A larger cluster was constructed, however, the FEFF 

program was not able to handle the larger cluster and crashed, limiting the size of the 

clusters that could be studied. 

The results from the modeling of the different cluster sizes is shown below in 

Figure 4.22 
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Figure 4.22 FEFF calculations of propyl passivated silicon nanoparticle size. 

The results of the cluster size modeling shows a trend that smaller nanoparticles 

have a major peak around 1848 eV This peak becomes more defined with the larger 

cluster of 1.5 nm and then shifts to 1846 eV for the cluster with a diameter of 2 nm. This 

suggests that a size effect could be present in the experimental silicon nanoparticle 

XANES spectra. This has been observed in systems with gold nanoparticles25-28 and with 

copper nanoparticles29.  
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An in situ experiment that monitors the growth of gold nanoparticles using a 

microfluidic reactor monitors the change in the Au L3 edge of the gold nanoparticles. The 

microfluidic reactor is shown in Figure 4.23.  

 

Figure 4.23 Microfluidic chip reaction that allows for the in situ monitoring of the growth 

of gold nanoparticles using L3 edge XANES.25 



175 
 

 

Figure 4.24 XANES spectra of Au L3-edge of gold nanoparticles monitored using 

XANES as they grow. Red denotes zone 3 blue is zone 5, and black is zone 6 as denoted 

in Figure 4.21.25 

 Figure 4.24 shows the evolution of the Au L3 edge of gold nanoparticles as they 

are grown. The trend here is the opposite of the trend that we observe for silicon 

nanoparticles in modeling studies. However, these data are not directly comparable as 

they are of both a different element and also a different edge. However, they do show that 

the size of the particle can affect the XANES spectra of the nanoparticle.  
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Figure 4.25 XANES spectra of time resolved formation of colloidal copper 

nanoparticles.29 1: [N(octyl)4]2 [CuCL2Br2], 2-7: Cu+ intermediate growth (~ 2 minutes 

between spectra), 8: colloidal copper, 9: Copper foil standard 

 Figure 4.25 shows the evolution of molecular copper to colloidal nanoparticles as 

monitored by copper K-edge XANES. This also shows that the growth of the 

nanoparticles has an effect on the XANES spectra and that the size of the nanoparticles 

has an effect, as seen by the modeling done on the silicon nanoparticles. 

 This size effect is caused by the strain affecting the particle as the size constrains 

the bond lengths and angles caused by the differing size of the nanoparticle. As the 

particle increases in size, these strains decrease as the particle has the crystal structure 

that is more characteristic of elemental silicon in its natural state. Conversely, smaller 

particles show greater strains, exhibiting XANES results that could be mistaken for Si-O.  
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Section 4.4: XPS 

 X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique that 

reveals the elemental composition of a sample. The 1-octyne and 1-octene passivated 

silicon nanoparticles were used for silicon and carbon XPS to try and quantify the surface 

of the nanoparticles.  

 The samples were made by dissolving the silicon nanoparticles in 

dichloromethane and then depositing them on a sample holder which was covered with 

copper tape. The dichloromethane was allowed to evaporate, leaving a thin film of the 

silicon nanoparticles. Powder standards were simply spread on the copper tape without 

any further processing. The samples were then loaded into the VG Scientific MKII 

system using Mg Kα excitation source (hν = 1253 eV). The pressure in the chamber 

during analysis was <5×10-8 mbar.  
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Figure 4.26 Silicon XPS of 1-octyne passivated silicon nanoparticles.  

The silicon XPS spectra shows a large peak in every spectra at 103 eV which is 

where Si-O bond is expected. The Si-C bond is expected at 99-100 eV which is observed 

in the spectra of fraction 7.30 The earlier fractions are dominated by Si-O. However, this 

may not mean that only Si-O is present. The angle of the incident x-rays on the source 

has been shown to effect the resultant spectra, with a 90˚ angle showing the best 

results.31-32 The instrument used on these experiments was fixed angle of 37.5˚ and so it 

is possible with better instrumentation that the earlier fractions also might be resolved to 

show Si-C bonding.  
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Figure 4.27 Silicon XPS of 1-octene passivated silicon nanoparticles. 

The silicon XPS of 1-octene passivated silicon nanoparticles shows the Si-O bond 

at 103 eV as the major peak. Unlike the 1-octyne passivated silicon nanoparticles, Si-C 

was not observed for these samples. The limitations of the instrument might be a factor in 

this. The signal to noise ratio for the ninth fraction decreased, which might be 

extrapolated to show that there was less oxygen on the surface of the later fraction, as 

was seen with the 1-octyne passivated silicon nanoparticles.  
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Figure 4.28 Carbon XPS of 1-octyne passivated silicon nanoparticles. 

 The carbon XPS spectra shows a large peak for the C-O bond at 286 eV. Also 

seen is a peak at 282.8 eV which corresponds to the C-Si bond.30 The C-C bond is 

expected a 284.8 eV. The peak intensity of the C-O bond versus the C-Si bond decrease 

as the retention time and the fractions increase with smaller particle size. That is to say 

smaller nanoparticles have less oxygen present on the surface of the silicon nanoparticles.  
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Figure 4.29 Carbon XPS of 1-octene passivated silicon nanoparticles.  

 The carbon XPS of 1-octene passivated silicon nanoparticles shows the C-O bond 

at 286 eV as seen with the 1-octyne passivated silicon nanoparticles. Also there is the C-

Si bond seen at 282.8 eV. The silicon XPS spectra does not show good results for Si-C, 

however this carbon XPS spectra does show that there are silicon nanoparticles with 

covalent bonds to the alkyl passivating agent 1-octene. 

 The presence of the C-O bond is not indicative of bonding with the silicon 

nanoparticles. The C-O bond is present in all of the samples and is seen even when a 

blank is run with no sample. The C-O bond is seen when control experiments of the 

copper tape and the copper tape are washed with dichloromethane to remove the adhesive 

from the copper tape, which is shown in Figure 4.30. 
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Figure 4.30. XPS control experiments with the copper tape only on the sample holder 

(blank) and the copper tape after it has been washed with dichloromethane to try and 

remove any adhesive. 

 

 This impurity from the copper tape makes any C-O bonding unable to be assigned 

to the sample. Different preparation methods, sample holders, and access to a multi angle 

XPS would be very useful in elucidating the results of the silicon nanoparticles using 

XPS. 
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Section 4.5: Conclusion 

 Silicon nanoparticles that were passivated with 1-octyne and 1-octene were 

investigated using XANES, modeling and theoretical XANES, and XPS. The results 

show that the nanoparticles are covalently bound with Si-C strong linkages as expected. 

Also, the results are in good agreement with other silicon nanoparticles synthesized by 

the Veinot group. 

The peaks in the fine edge structure of the XANES experiments between 1844-

1846 eV are indicative of a covalent bond. The XANES spectra of 

octakis(tetramethylammonium)-T8-silsesquioxane hydrate which has only covalent 

bonds between silicon and oxygen, shows no peaks in the range of 1844-1846 eV. 

Literature results of both silicon bound with carbon and with nitrogen moieties shows the 

same peak features from 1844-1846 eV for covalently bound molecules. These results 

provide good evidence that the nanoparticles synthesized by reactive high energy ball 

milling are passivated with covalent strong Si-C bonds. 

The shifts of the major peak from 1848 eV for early fractions to 1842 eV for later 

fractions shows the decrease in the oxygen content on the silicon surface. This is 

expected as IR spectra of silicon nanoparticle fractions show Si-O features, especially in 

the earlier fractions. The XPS data shows that Si-O is present in all fractions, however, 

the ratio decreases in the later fractions which is in agreement with the XANES and IR 

data.  

The modeling of the silicon nanoclusters and their theoretical XANES spectra 

using the FEFF9 software package confirm the results of the XANES experiments. 
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Modeling is useful as the time at the beamline is limited and the use of modeling can 

show the expected results and is a great tool in designing future experiments. The effect 

of the chain length of the passivating organic molecules was investigated and shows no 

effect on the peak fine splitting between 1844-1846 eV. The modeling of the effect of the 

silicon cluster size shows that the smaller clusters have a major peak that is slightly 

shifted to higher energies. This is seen in Figure 4.22. This might also account for some 

of the shoulders seen in the XANES spectra at 1848 eV which can also be interpreted as 

Si-O, but the size effect may be a conflating variable in that assignment. The XPS as 

stated before shows Si-O in all fractions, however, the contribution of a size effect is 

something that is interesting and requires further experimentation.  

There are several factors that affect the XANES spectra, there is the chemical 

environment that the absorbing silicon atom is in. The neighbors are of great importance 

as the scattering off of these atom forms the basis for the XANES experiment. As can be 

seen with the chain length modeling experiment, the FEFF9 software shows greater 

resolution with more neighbors to calculate this scattering from. However, the silicon 

nanoparticles are not a crystal with orderly and repetitive unit cells. This differing 

chemical environment can best be replicated by modeling of a similar environment as 

was done with the chain length and size study. 

These two studies showed us that there was not trend observed for the differing 

chain length, rather than greater resolution of the absorbance at 1842 for silicon with 

longer chain lengths. However, the size study showed a trend that smaller nanoparticles, 

with more strain, but less oxygen, will exhibit the major peak closer to 1848 eV. Larger 
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particles show the major peak in between1842 and 1848 eV. These results are in 

opposition to the results concerning oxygen bound to the silicon. 

Oxygen bound to silicon results in a prominent peak at 1848 eV. As the early 

fractions have shown, this is the major peak which corresponds to the data from IR and 

from XPS confirming that the early fractions have more oxygen present. However, the 

early fractions are also the larger fractions. This would tend to broaden the peaks and also 

give rise to shoulders or small peaks in the range of 1844-1848 eV. As the later fractions 

show less oxygen present, this is in agreement with the IR and XPS data. However, the 

size study using FEFF9 shows that smaller particles show a peak closer to 1848 eV. This 

would also broaden and give rise to small shoulders and peaks in the range from 1844-

1848 eV.  

Literature searches have also shown that XANES spectra of silicon bound to 

carbon and nitrogen also display peaks in this range from 1844-1846 eV. This is shown in 

films, plastics, and minerals where there is no side effect. There are therefore three 

variables affecting the XANES spectra: 1) oxygen bound to the surface, 2) size effect, 

and 3) the ligand bound to the silicon surface. 

In order to properly investigate the size effect which has been documented in gold 

and copper nanoparticles, silicon nanoparticles that have a high monodispersity of size 

are required. The top down method of reactive high energy ball milling provides a 

polydisperse size population that requires further size separation than the techniques used 

in this study.  
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The results of the x-ray characterization show that there is silicon covalently 

linked to the carbon chains of the passivating layer. The results of XANES and XPS 

agree with the data from IR, that the earlier larger fractions have more oxygen bound to 

the surface of the silicon nanoparticle. The later fractions have smaller particles with less 

oxygen present, once again confirming the IR data. The XANES data shows that there is 

a complex process that results from the presence of oxygen, the size of the nanoparticle, 

and also from passivating alkyl chains covalently bound to the surface. 
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Chapter 5. Attempts to elucidate the nature of Si-H bond on alkenyl passivated 

silicon nanoparticles. 

Section 5.1. Synthesis of 1-octene passivated silicon nanoparticles. 

 Silicon nanoparticles synthesized by RHEBM with alkenyl and alkynyl organic 

ligands display an Si-H stretching vibration in the IR spectra. It is thought that this arises 

from the abstraction of protons from the milling solvent. However, no study has yet been 

completed to definitively prove that this is the origin of the Si-H bond on the surface of 

the silicon nanoparticles. 

 

Section 5.2: Experimental 

Synthesis of 1-octene passivated silicon nanoparticles synthesis 

 A stainless steel milling vial with a gas side arm (Figure 5.1) was charged 

with 1.25 grams of silicon wafers and 30 mL of 1-octene. Two stainless steel milling 

balls, each weighing approximately 8.1 grams and 1.2 cm in diameter were added to the 

vial. The vial was then sparged with nitrogen for 20 minutes to degas the milling 

solution. The vial was sealed to the atmosphere and then milled for 12 hours using a 

SPEX SamplePrep 8000D mixer/mill at 1060 cycles per minute in a 4˚ C cold room. 

The stainless steel milling vial was adapted from an 8007 stainless steel grinding 

vial obtained from SPEX SamplePrep. The Vial was adapted by drilling a hole in the side 

of the vial 1 cm from the bottom of the vial with the use of a diamond tipped drill. The 

vial was then welded to a 90˚ elbow that was fitted with a SwageLok gas tight tube fitting 
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that was cut so that the arm protruded 1.5 cm from the side of the milling vial. A 

SwageLok gas tight quarter turn valve was fitted to the SwageLok tube fitting. The 

apparatus was determined to be gas tight by the lack of any bubbles observed when the 

vial was charged with a pressured gas and then submerged in water for a period of time. 

The vial is shown in Figure 5.1 and Figure 5.1B. 
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Figure 5.1. Stainless steel milling vial with adapted gas sidearm. 



193 
 

 

Figure 5.1B. Dimensions for the adaptation of stainless steel milling vial. 

After 12 hours of RHEBM, the vial was opened to the atmosphere and the 

contents were transferred to plastic centrifugation tubes. The mixture was then 

centrifuged using a Thermo IEC CL2 Centrifuge, at 511 G for 30 minutes. The 

supernatant was then separated from the insoluble sediments and the solvent was 

removed using rotary-evaporation. The nanoparticles which were an oily residue of a 

light brownish color were then re-dissolved using dichloromethane. The crude yield was 

45 mg. 1H NMR (ppm): 0.9(s), 1.5(broad s), 2.1 (s)  IR(KBr cm-1): 3000-2800 (ν C-H), 

2126 (ν Si-H), 1464 (δ C-H), 1100 (ν Si-O) 
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Section 5.3: Results and Discussion. 

 The synthesis of the silicon nanoparticles passivated by 1-octene closely follows 

the synthesis of the other alkene passivated silicon nanoparticles as laid out in chapter 3. 

The 1H NMR spectra shows a methyl peak at 0.9 ppm and a broad alkane region that is 

centered at 1.5 ppm. There is also a small peak at 2.1 ppm that is where the protons of 

CH2 next to a C=C bond appear. There are no vinylic protons in the region between 5 and 

6 ppm however. There is a possibility of a structure, where an internal double bond could 

be formed. However, since this NMR was taken in CD2Cl2, that region (5.5 pm) is 

obscured.1 
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Figure 5.2. 1H NMR of 1-octene passivated silicon nanoparticles, in CD2Cl2. 

 The FTIR spectra of the 1-octene passivated silicon nanoparticles is shown in 

Figure 5.3. There is the expected alkane C-H stretch at 2800 to 3000 cm-1. Also observed 

is the Si-H stretch that is seen at 2126 cm-1. The C-H bending symmetric and 

antisymmetric modes can be seen at 1279 and 1466 cm-1. 
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Figure 5.3. FTIR spectra of 1-octene passivated silicon nanoparticles. 

  

The luminescence spectra can be seen in Figure 5.4 and has been normalized to 

the absorption using the UV data. This data also shows a red shift that corresponds to the 

excitation of populations of larger sized nanoparticles with longer wavelength excitation.  
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Figure 5.4. Photoluminescence of the 1-octene passivated silicon nanoparticles. 

 

 

Section 5.4.1: Reaction of D2O with silicon nanoparticles 

 In order to investigate the possible reaction of dangling silicon bonds by 

atmospheric water which would lead to an increase in silanol species on the surface of the 

silicon nanoparticles, an experiment using D2O was proposed. The purpose is to 

determine if the silicon surface is susceptible to reactions with atmospheric water. To 

determine this, D2O was substituted as water in order to show isotopic shifts in the IR 

spectra of the silicon nanoparticles.  
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 Silicon nanoparticles were prepared as described in the previous section. 

However, as soon as the milling was completed D2O was introduced to the milling vial. 

This was done by attaching a nitrogen gas feed through the gas side arm to exclude any 

atmospheric gasses from entering the vial. The vial was then capped for another 24 hours 

as the D2O was allowed to react with the milling mixture. The vial was then opened and 

the contents were centrifuged as was done in the previous section. The starting materials 

were separated by vacuum pump leaving the silicon nanoparticles as a semisolid mass of 

about 45 mg. 

 The photoluminescence showed no change as is shown in Figure 5.5.  
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Figure 5.5. Photoluminescnce of 1-octene passivated silicon nanoparticles after 24 hours 

exposure to D2O. 
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 The FTIR spectra also showed no changes as can be seen in the comparison of IR 

spectra of the 1-octene passivated silicon nanoparticles and the 1-octene nanoparticles 

that had been exposed to D2O for 24 hours. This is shown in Figure 5.6.  
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Figure 5.6. 1-octene passivated silicon nanoparticles denoted as control and 1-octene 

passivated silicon nanoparticles that had been exposed to D2O for 24 hours, denoted as 

D2). 

 To rule out that the negative result could be caused by the polarity differences of 

the 1-octene and the D2O and thus cause the nanoparticles to remain in the organic phase 

and not in contact with the D2O a mixing of the two phases was required. Milling with 5 

mL of D2O in the milling vial also produced no results, which lends evidence to the 
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possibility that the two phases are not mixing. So the next step was to repeat the 

experiment using sonication to insure mixing of the phases. 

 

Section 5.4.2: Reaction of silicon dangling bonds using D2O and sonication 

 Sonication was employed to mix the two phases. The 1-octene passivated silicon 

nanoparticles were synthesized and exposed to D2O as stated in the previous section. 

However, the vial was sonicated for 12 hours to mix the two phases. This was done to 

surpass any energy input normally experienced by shaking or moving of the milling 

liquid prior to the separation of the D2O and 1-octene starting material from the 

nanoparticles. That is to say, that these two phases were agitated more than the 

nanoparticle samples normally were by normal handling and if atmospheric water was 

reacting with the nanoparticles, this experiment should react to an even greater degree 

due to the large input of energy into the vial using sonication. 

 The photoluminescence spectra are shown below in Figure 5.7. 
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Figure 5.7. 1-octene passivated silicon nanoparticles after 12 hours sonication with D2O, 

normalized by the absorption. 

 

 The photoluminescence shows an increase of about 100% over the original 

nanoparticles and also the nanoparticles that had been exposed to D2O for 24 hours as 

shown in the last section. This increase is initially surprising as an increase in the 

oxidation of the surface is thought to decrease the luminescence of the nanoparticles.2 

However, it is also possible that some of the remaining starting material, 1-octene, could 

have also reacted with the silicon nanoparticles further passivating the surface. 
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 The IR of the nanoparticles after 12 hours of sonication with D2O showed the Si-

H stretch to still be a prominent feature and no additional features that would indicate the 

presence of D2O bonding with the silicon nanoparticle surface. This is shown in Figure 

5.8.  
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Figure 5.8. IR spectra of 1-octene passivated silicon nanoparticles after sonication for 12 

hours with D2O. 

 There is a small feature at 1729 cm-1 that does resemble an Si-D bond, however, it 

is also seen in the control IR of just 1-octene passivated silicon nanoparticles. It is also 

slightly too high a wavenumber to be Si-D though as Si-D appears at about 1550 cm-1.  

This can be seen in Figure 5.9 as shown below.  
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Figure 5.9. The IR spectra of hydrogen, deuterium, and tritium bound to silicon.3 

 

The absence of any new features in the IR spectra suggests that atmospheric water 

is not having a large impact on the silicon nanoparticles. By exposing the silicon 

nanoparticle mixture to both D2O for an extended period of time (24 hours) and also 

exposing it to a large energy input in the form of sonication and reaction between the 

silicon nanoparticles and the D2O should have been apparent in the IR spectra. The 

sonication did increase the luminescence of the silicon nanoparticles solutions that had 

been normalized by the absorbance using UV-vis. This allows for the comparison of the 

two samples which shows an increase of about 100%. This could be caused by the 
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sonication breaking apart larger silicon particles which reacted with the 1-octene that was 

still in the milling vial. This type of reaction was investigated by Mitchell et al and has 

been shown to work, albeit with a sonic horn with higher energy input.4  

 

Section 5.5: Hydrosilation of passivated silicon nanoparticles. 

 Increased passivation of the silicon nanoparticle surface should lead to a better 

protected surface against small molecules such as oxygen and ozone. To test this theory a 

series of reactions were carried out to attempt to further passivate the silicon surface by 

conversion of Si-H bonds to a stronger si-C bond through the use of hydrosilation. Si-C 

bonds are stronger and the increase in organic chains covalently bound to the surface will 

also increase the steric protection of any remaining dangling bonds and Si-H sites.  

The Si-H bond has been shown to undergo hydrosilation reactions throughout the 

literature on flat silicon5 and with silicon silicon nanoparticles2, 6-7  The route chosen that 

would be the best for the silicon nanoparticles was UV light assisted hydrosilation. A 

photoreactor with 254 nm emitting bulbs was used in a 4˚C cold room. The solutions 

were all degassed to lessen the possibility of oxidation of the silicon nanoparticles. The 

hydrosilation was done by bubbling ethylene through a solution of the nanoparticles 

under 254 nm light and also the use of halogen solvents to assist in the hydrosilation. 
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Section 5.5.1: Hydrosilation of 1-octene passivated silicon nanoparticles. 

Purging of ethylene through 1-octene passivated silicon nanoparticles under 254 nm 

light. 

 

 Silicon nanoparticles passivated by 1-octene were prepared as stated in the first 

section. These nanoparticles were dissolved in dichloromethane in a quartz tube and 

degassed using nitrogen gas. The tube was fitted with a septum allowing gas to be 

pumped in and the pressure to be released through a needle, maintaining a positive 

pressure. The solution was then monitored by photoluminescence after thirty minutes and 

an hour. The reaction was stopped after 12 hours to allow for IR to be taken to determine 

the loss of the Si-H stretch. The photoluminescence after 30 minutes of purging ethylene 

through the solution under 254 nm light can be seen in Figure 10. This can be compared 

to Figure 5.4 of the photoluminescence of 1-octene passivated silicon nanoparticles, 

which shows a roughly 300% increase in luminescence. 
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Figure 5.10. 1-octene passivated silicon nanoparticles, purged with ethylene under 254 

nm light for 30 minutes. (Normalized by absorbance of UV-Vis) 

 

 The photoluminescence of the solution was also recorded after 1 hour. This can 

been seen in Figure 5.11.  
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Figure 5.11. 1-octene passivated silicon nanoparticles, purged with ethylene under 254 

nm light for 1 hour. (Normalized by absorbance of UV-Vis) 

 

 As can be seen by the comparison between 30 minutes and 1 hour, there is not 

any appreciable increase in intensity of the normalized luminescence. This would suggest 

that the reaction proceeds quickly under the 254 nm light. The IR was then taken after 12 

hours to assess the reactions impact on the Si-H stretch. This is shown in Figure 5.12.  
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Figure 5.12. IR of 1-octene passivated silicon nanoparticles, purged with ethylene under 

254 nm light for 12 hours. 

  

 As seen from the IR of the silicon nanoparticles after 12 hours of purging with 

ethylene under 254 nm light, there is still a significant Si-H stretch observed at 2126 cm-

1. This reaction did increases the luminescence of the nanoparticles as seen by comparing 

the normalized luminescence of the 1-octene passivated silicon particles (Figure 5.4) and 

the nanoparticles after purging with ethylene under 254 nm light.  
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Section 5.5.2: Hydrosilation of 1-octene passivated silicon nanoparticles with 

halogenated solvents. 

 

 Buriak et al have shown that exciton mediated hydrosilation can improve the 

hydrosilation results.8-9 By using a solvent with a high reduction potential the exciton is 

quenched with the acceptance of the electron by the oxidant, making the positively 

charged silicon surface a much more attractive target for the π electrons of the alkene.9 

This is shown in reaction Scheme 5.1. The level of reduction potential vs porous silicon 

is shown in Figure 5.13. Testing the theories set forth by Buriak on porous silicon on 

silicon nanoparticles led to the use of carbon tetrachloride to promote hydrosilatiion 

reactions on 1-octene passivated silicon nanoparticles.   

 

Scheme 5.1. Exciton mediated hydrosilation mechanism on silicon nanoparticle 
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Figure 5.13. Reduction potentials of halogenated solvents compared to porous silicon.9 

 

Hydrosilation with chloroform. 

 

 1-Octene passivated silicon nanoparticles were prepared as stated in the first 

section. The nanoparticles were dissolved in dichloromethane with an addition of 5 mL of 

CHCl3. The solution was degassed by sparging with nitrogen in a quartz tube sealed with 

a rubber septum with a needle as a relief valve. The quartz tube was then placed in a 
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photoreactor and ethylene gas was bubbled through the solution, maintaining a positive 

pressure. The reaction was allowed to run for 12 hours.  
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Figure 5.14. 1-Octene passivated silicon nanoparticles purged with ethylene in CHCl3 for 

12 hours under 254 nm light. 

 

 As seen from Figure 5.14, the hydrosilation using CHCl3 did not result in a large 

increase in the luminescence. Comparison of this normalized intensity to that in Figure 

5.4 shows only an increase of 33%. The IR of the silicon nanoparticles is shown in Figure 

5.15 below. The Si-H stretch is no longer apparent, however, there is a new stretch in the 

region in which ketones appear. This may be a results of impurity in the chloroform or 

side reactions that may have occurred during the reaction. However, these undesirable 
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results led to abandoning chloroform in favor of carbon tetrachloride which has a more 

desirable reduction potential. 
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Figure 5.15. IR of 1-octene passivated silicon nanoparticles purged with ethylene for 12 

hours under 254 nm light with chloroform. 

 

Hydrosilation with carbon tetrachloride. 

 1-octene passivated silicon nanoparticles were prepared as stated in the first 

section. The nanoparticles were dissolved in dichloromethane with an addition of 5 mL of 

CCl4. The solution was degassed by sparging with nitrogen in a quartz tube sealed with a 

rubber septum with a needle as a relief valve. The quartz tube was then placed in a 
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photoreactor and ethylene gas was bubbled through the solution, maintaining a positive 

pressure. The reaction was allowed to run for 12 hours.  

 The photoluminescence results of the first three fractions are shown below in 

Figure 5.16-5.18. 
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Figure 5.16. 1-Octene passivated silicon nanoparticles purged with ethylene in CCl4 for 

12 hours under 254 nm light, fraction 1.
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Figure 5.17. 1-Octene passivated silicon nanoparticles purged with ethylene in CCl4 for 

12 hours under 254 nm light, fraction 2. 
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Figure 5.18. 1-Octene passivated silicon nanoparticles purged with ethylene in CCl4 for 

12 hours under 254 nm light, fraction 3. 

 

 As seen from the three normalized fractions, the luminescence of the silicon 

nanoparticles has increased by more than an order of magnitude from the silicon 

nanoparticles in Figure 5.4.  This is a great result as the greater the quantum yield, the 

better the nanoparticles are for applications such a biological labeling a discussed in 

Chapter 3.  This is the most luminescent solution of silicon nanoparticles that have been 

observed throughout all of the projects in this thesis.  

The reason for this increased luminescence is attributed to increased passivation 

of the silicon nanoparticle surface. This however, has not been investigated in great detail 
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and the exact reason is not known. The increased passivation however does further 

protect the surface from oxidation and provide steric hindrance to small molecules which 

may interact with the silicon surface. The silicon surface may also be undergoing a 

reorganization during the photo assisted hydrosilation reaction. Silacation sites may 

increasingly occur after the ejection of the electron to the halogenated solvent, which 

would allow for dangling bonds to recombine, removing defect states and traps. 

Silacation sites behave similar to cations, which the mobility of is well known, allowing 

for the silacation sites to move and reorganize the surface of the silicon nanoparticle. 

Reductions in traps and defects states have been proven to influence the photophysics and 

quantum yield of silicon nanoparticles.10 The IR also shows that the reaction has 

proceeded close to completion based on the disappearance of the Si-H stretch. This is 

shown in Figure 5.19. 
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Figure 5.19. IR of 1-octene passivated silicon nanoparticles purged with ethylene in CCl4 

under 254 nm light for 12 hours. 

 

The lack of a Si-H stretch in the IR is good evidence that the hydrosilation 

reaction had worked and gone to completion as far as could be evaluated by IR. There is 

also no broad O-H stretch in the region around 3400 cm-1 which could have pointed to 

oxidation and thus hydrolysis of the Si-H rather than hydrosilation. There is a small peak 

around 1100 cm-1  which is in the region in which Si-O-Si  is reported, but this occurs 

normally during the process of the ball milling and has not shown any increase with the 

hydrosilation reaction.  
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Section 5.6: Future work. 

 

 The next step in investigating the origin of the Si-H is the need for isotopic 

labeling studies.  A crude attempt at this was done with milling in the presence of 

methanol-D4. However, the results were not clear as to where the deuterium originated. 

Ethanol-D was also used to mill with, however, no change was seen. This however could 

be from the hydrogen was abstracted from the third position, or another aliphatic C-H, or 

that the ethanol did not mix well with the 1-octene. The correct experiment would be to 

procure 1-octene that was labeled with deuterium in the third position. This would give 

definitive proof whether or not the proton is abstracted from the third carbon position. 
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Section 5.7: Conclusion: 

 

 There is more work that needs to be performed on these series of experiments. 

The hydrolysis experiments showed the ability of the nanoparticles to withstand 

oxidation with atmospheric water. The carbon tetrachloride experiments are of great 

interest as they have shown the ability to greatly increase the luminescence of the silicon 

nanoparticles, while also further passivating the surface, without an increase in oxidation 

of the surface; as was seen with the chloroform experiments. These experiments have 

also shown that only a few simple steps can lead to a very large increase in the 

luminescence of the nanoparticles.  

 These experiments also show that the surface is fairly well protected due to the 

steric hindrance of the passivating organic layer. The only successful reactions with the 

silicon surface were all with small molecules only. This validates the reasoning behind 

choosing longer chain length organic ligands to passivate the surface, as they do protect 

the surface from interactions with larger molecules and polar molecules such as KMnO4. 

The increase in luminescence greatly increases the value of the nanoparticles for 

biological application where the luminescence is of supreme importance such as tagging 

of cancerous cells to aid in the efficient removal of cancerous cells without having to 

remove as much healthy cells as is the practice now in order to insure that as much of the 

cancer is removed as possible. As discussed in Chapter 3, the silicon nanoparticles are 

nontoxic and a good candidate for a wide array of biologically relevant procedures. 
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Chapter 6: Summary and Prospectus 

  

 This project originated from the idea of synthesizing a silicon nanoparticle 

with carboxylic acid functional groups which could be used for biological applications by 

conjugating biolmolecules. This was first attempted in a direct fashion by the reactive 

high energy ball milling (RHEBM) of carboxylic acids with silicon wafers to form 

carboxylic acid passivated silicon nanoparticles. A mixture of mono and dicarboxylic 

acids were milled using RHEBM to add the functionality of the carboxylic acid group, 

distal to the silicon surface. The disappointing results lead to the need for another route of 

synthesizing functionalized silicon nanoparticles. This route was chosen to be the 

oxidation of terminal vinyl functional groups. The luminescence of the silicon 

nanoparticles was recorded for each process, to determine which synthesis route resulted 

in the best luminescence yield. These particles were then characterized using TEM, EDS, 

XPS, XANES, photoluminescence, Uv-vis absorption, NMR, and infrared spectroscopy.  

The project was a continuation of a project that was started by Andrew Heintz. He 

originally tried many different functional groups to see which provided the best yield of 

passivated silicon nanoparticles. He used 1-octanoic acid to test the passivating ability of 

carboxylic acids to form silicon nanoparticles. This was the starting point of this project, 

to try and reproduce his results and then to expand upon those results, with the ultimate 

goal to produce passivated silicon nanoparticles with a free carboxylic acid functional 

group for further reactions with the silicon nanoparticles.  
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The initial experiments showed positive results. Silicon nanoparticles were 

synthesized that were passivated by 1-octanoic acid, 1-hexanoic acid, and 1-pentanoic 

acid. The next step was to mix dicarboxylic acids with the mono carboxylic acids to 

result in a particle that was passivated by carboxylic acid and also had a free carboxylic 

acid functional group. This plan met resistance due to the fact that the diacids were not 

significantly soluble in the monocarboxylic acids. The best results were from the 1-

pentanoic acid and the 1,7- heptanedioic acid but even with this mixture of acids, only 

5% of the diacid would dissolve in the monoacid. This limited the amount of carboxylic 

acid functional groups that could be added to the silicon nanoparticle for further 

reactions. The use of an inert solvent to increase the solubility of the diacids was met 

with failure due to the practical limitation of the milling vial and milling process (volume 

limits and increase in material hampering fracture of the silicon wafer).  

A new direction was sought for the synthesis of passivated nanoparticles that had 

carboxylic acid functionality or that could be converted to carboxylic acid functionality. 

The route that was chosen was the use of alkenes which had been extensively studied in 

the Fink and Mitchell groups. The chemistry behind the passivation of the silicon 

nanoparticles by alkenes was known and as such the focus could be on the oxidation of 

the terminal vinyl group.  

Oxidation of the terminal vinyl groups was first attempted by using KMnO4. This 

did not have successful results for a reaction time of 24 hours. This however, shows that 

the passivation layer bound to the silicon surface does protect the surface from oxidation 

as little difference was seen in the photoluminescence or IR of the nanoparticles. 

Increased reaction time did lead to oxidation of the terminal vinyl groups, however, it 
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also created many byproducts as this was not a specific oxidation of only the terminal 

vinyl group. Literature searches of an oxidation that would target only the terminal vinyl 

group resulted in using ozone to selectively oxidize the vinyl groups. 

Ozone has been used for conversion of alkenes and alkynes to several different 

products based on the chemical workup of the reaction. As discussed in Chapter 3, the 

oxidizing environment produced by the addition of H2O2 resulted in the formation of  

carboxylic acid functional groups. Use of ozone proved successful on silicon 

nanoparticles that had been passivated with 1-pentene/1,7-octadiene. IR spectra showed a 

strong carbonyl stretch at 1711 cm-1 and a broad O-H stretch indicative of hydrogen 

bonding that was centered around 3300 cm-1. The 1H NMR data showed a peak at about 

9.8 ppm which could be an aldehyde (one of the steps that the mechanism proceeds 

through) or a low field shifted carboxylic acid proton. The oxidizing environment 

produced by the H2O2 should oxidize all aldehydes, but it is possible that the reaction did 

not proceed to completion. The IR data showed evidence of a carboxylic acid, so it is 

possible that the greater sensitivity of the NMR experiment revealed a small byproduct of 

unreacted aldehyde.  

 Ethylenediamine was used to test the ability to conjugate amines to the carboxylic 

acid functional group, which converted the terminus of the silicon nanoparticles 

functionality to an amine group. This was done by an activation step using n-

hydroxysuccinimide which was then followed by simply stirring of the ethylenediamine 

with the activated silicon nanoparticle. The characterization revealed that the carbonyl 

peak shifted to 1650 cm-1 which is indicative of an amide bond.  
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 A short strand of DNA was conjugated to the carboxylic acid functionalized 

silicon nanoparticles to further test the ability to conjugated biolmolecules. A second 

experiment using hybridized strand of DNA was also performed. Both experiments 

showed positive results of a successful conjugation. Polyacrylamide gel electrophoresis 

showed that the size of the nanoparticle conjugated to the DNA caused the complex to 

proceed at a slower rate through the gel than the free DNA strands.  

 After successfully showing that silicon nanoparticles had been passivated, 

functionalized, and conjugated to a biomolecule the focus shifted to better characterizing 

the silicon nanoparticles. Especially the surface of the silicon nanoparticle was of interest. 

The use of x-ray absorption near edge spectroscopy (XANES) was used to try and 

determine the modes of bonding and also the composition of the silicon nanoparticle 

surface. XANES spectra were taken using the synchrotron at the Center for Advanced 

Microstructures and Devices (CAMD) at Louisiana State University (LSU).  

 The XANES experiments on 1-octyne and 1-octene passivated silicon 

nanoparticles showed that the nanoparticles exhibited two major peaks. The peak at 1842 

eV corresponded to elemental silicon and a peak at 1848 eV that matched the silicon 

dioxide calibration standard. The nanoparticle solutions were fractionated using gel 

permeation chromatography (GPC) to have size separated fractions. These fractions 

showed a trend of the larger earlier fractions having a major peak at 1848 eV which 

matched the silicon dioxide peak and was in agreement with IR data that showed the 

earlier fractions had more oxygen present on the surface of the silicon nanoparticle. The 

later fractions showed the major peak being closer to 1842, matching the elemental 

silicon peak. There was also minor intermediate peaks observed between 1842-1848 eV. 
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 A series of XANES spectra of silicon standards were obtained to see if the 

intermediate peaks could be matched to these standards (a method known as 

fingerprinting). The fingerprinting method did not reveal the exact cause of these 

intermediate peaks. The silicon standards did show similar peaks, but did not show a 

relationship between the peak position and different binding modes or functional groups. 

 The next step was to model the silicon nanoparticles and produce theoretical 

XANES spectra. This was done using the software package FEFF9. This is an ab initio 

multiple scattering program based on Green’s theories on calculations in real space. A 

study was undertaken of the affect that chain length has on the XANES spectra and also 

of the effect of the size of the nanoparticle. The results showed that while the increased 

chain length increased the resolution of the theoretical XANES spectra, especially at 

1842 eV, no trend could be seen that would explain the intermediate peaks between 

1842-1848 eV. The size study (0.8 nm, 1.5 nm, and 2.0 nm) of the silicon nanoparticle 

showed a size effect. The smaller nanoparticles showed a major peak at 1848 eV while 

the larger (2.0 nm) nanoparticles showed a major peak in the intermediate range.  

 While a factor which results in a peak that is seen in the intermediate range was 

found, there is still more study that needs to be done. There are three factors that affect 

the XANES spectra: 1) oxygen, 2) size, and 3) covalent bonding of molecules to the 

silicon surface. A series of monodisperse samples of silicon nanoparticles of known sizes 

needs to be obtained to experimentally determine the effect of the size of the 

nanoparticles. This would leave only two remaining variables which should provide more 

data from which a better conclusion could be drawn about the nature of the surface of the 

silicon nanoparticle. 
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 One of the main themes that are part of all of these different projects is the 

photoluminescence yield. Comparison of the photoluminescence yield is important as the 

luminescence is one of the main attractions of using silicon nanoparticles for bioimaging 

purposes as it has shown to be a better biolabel than many molecular dyes. The first 

project with the passivation by carboxylic acids showed the lowest photoluminescence 

yield. The passivation of the silicon nanoparticles by alkenes increased the 

photoluminescence yield by at least doubling it in most experiments.  

 A feature that is seen in the IR spectra is an Si-H stretch. It was hypothesized that 

by increasing the passivation of the surface that the luminescence yield might increase. 

This was tested by photoassisted hydrosilation using ethylene gas. Initial reactions 

showed an increase in the yield of the luminescence but the Si-H stretch still remained. 

This increase could possibly be caused by the promotion of silacations on the surface by 

the formation of excitons. These silacations may be able rearrange the silicon 

nanoparticle surface, eliminating dangling bonds which will eliminate trap states and 

defects that could reduce luminescence yield. The use of halogenated solvent greatly 

increased the luminescence yield by an order of magnitude. This is thought to have 

happened by the halogenated solvent trapping the ejected electron and therefore 

increasing the amount of silacations on the silicon nanoparticle surface.  

 These projects which are all interconnected with the main goal being the synthesis 

of highly luminescent silicon nanoparticles with terminal carboxylic acid functional 

groups that can be conjugated to biomolecules. This has been done by the passivation of 

silicon nanoparticles with alkenes with terminal vinyl groups which were oxidized to 

carboxylic acid functional groups. These nanoparticles were then conjugated to DNA 
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strands to prove that the conjugation to biomolecules was feasible. The silicon 

nanoparticles were then characterized by XANES and XPS to try and confirm the surface 

of the silicon nanoparticles, finding a trend involving oxygen that validates the IR data of 

the silicon nanoparticles. Finally a post processing method of increasing the 

photoluminescence yield was developed using photoassisted exciton mediated 

hydrosilation to greatly increase the photoluminescence yield. 
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