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Abstract

Silicon nanoparticles (Si NPs) have received much attention for their versatile
applications in cell biology and medicine as in vivo molecular and cellular fluorescent markers.
Recent studies have reported conversions of red-emitting silicon nanoparticles to blue-emitting
particles. While blue emission is characteristic for 1-2 nm Si NPs, nanoparticles with larger radii
that are closer to the Bohr exciton radius of bulk silicon (~ 4 nm) typically do not exhibit blue
emission. Several studies have suggested that the oxidation of the surface of the silicon
nanoparticles gives rise to the red-to-blue photoluminescence conversion. Herein, the oxidation
and reduction potentials of 1-butanol, n-butylamine, and N,N-dimethylformamide (DMF) were
measured and correlated to their ability to quench the photoluminescence of hydride-terminated
Si NPs over time. The half-wave potentials of 1-butanol, n-butylamine, and DMF were
measured to be 0.4416 V, 0.4979 V, and 0.7867 V. These half-wave potentials were studied on
the basis that more electron-withdrawing solvents would result in a greater red-to-blue
photoluminescence conversion and surface oxidation. Photoluminescence quenching studies
showed that 1-butanol and DMF exhibited greater effects on the photophysical properties of the

hydride-terminated Si NPs.
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1. Introduction

1.1 Significance of Silicon Nanoparticles

1.1.1 Introduction to Nanoparticles
Nanoparticles are particles with characteristic compositions (inorganic and/or

organic), functionalities, shapes, and sizes that range from 1 nm to 100 nm.' Different types
of nanoparticles are engineered to exhibit specific optical, physical, and chemical properties
such as chemical reactivity, electrical conductivity, and color.” The optical properties of
nanoparticles have gained a significant amount of interest in both the art and science realms.
The use of nanoparticles in art can be dated back to the 4™ century anno domini. The most

famous example is the Lycurgus cup, a 4t century Roman glass cage cup fabricated with

[a]

dichroic glass

(Figure 1). Another example of the use of nanoparticles in art is stained
glass. The different pigments of
the glass is controlled by the
sizes and shapes of inorganic
(metallic) nanoparticles such as

gold and silver. These

extraordinary optical properties

Figure 1. The left image is of the Lycurgus cup when it is illuminated of nanoparticles peaked the
externally; the right image is of the cup when illuminated internally, normal

to the surface of the cup (90°).Z (Image provided by the British Museum,
interests of researchers, and

eventually led to the development of nanoparticles with specific applications in fields

including energy production and medicine.'™

@l Glass that emits two different colors upon exposure to radiation such as light.
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Nanoparticles with different metallic cores are being actively engineered to facilitate
novel techniques in a wide range of applications including targeted drug delivery for cancer

10-12
, and

therapy, in vivo fluorescence imaging tools (cell labeling and biomolecule tracking)
detection of chemical warfare agents."*> Semiconductor nanoparticles, in particular, have
gained much attention because of their distinctive photoconductive, electroluminescent, and
size-dependent optical properties and versatile applicability as in vivo biomarkers.!”!
However, semiconductor nanoparticles with indirect band gaps'), such as silicon

nanoparticles, have been proposed to be more efficient as biomarkers than those of heavy-

metal based counterparts with direct band gaps such as cadmium (CdSe) and lead (PbS).

1.1.2 Silicon Nanoparticles: Properties and Applications

Silicon is naturally abundant, cost efficient, high in purity, and, as nanoparticles,
lower in toxicity, exhibits broad absorption spectra, narrow emission bands, longer excited
state lifetimes'?!, and resistance to self-quenching' and photobleaching'” over long periods
of time.""*™® These properties are expedient as fluorescence imaging tools for applications
including cell labeling and biomolecule tracking. While semiconductor nanoparticles with
direct band gaps, such as CdSe and PbS, have been useful as alternative fluorescent markers
to organic dyes (i.e. rhodamine, fluorescein, phycoerythrin, efc.), recent studies have raised

concerns about the toxicological issues'® of using heavy-metal based quantum dots'®' in

) Measurable indicators of specific biological and pathogenic processes or responses to different health care
interventions.*

' A band gap is classified as indirect when the bottom of the conduction band lies indirectly above the top of the
valence band in reciprocal k-space.'®

 The time of a fluorophore (NPs/ODs or organic fluorophores) spends in the excited state before emitting a photon
and returning to the ground state.

€ Loss of fluorescence signal due to interactions between the fluorophore and other fluorophores.*!

M When a fluorophore permanently loses the ability to fluoresce due to photon-induced chemical damage and/or
covalent bond cleavage.*

 Size and shape-tunable single crystals of few nm in diameter with quantized energy levels.”'
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biological systems.15 The potential elimination of toxicological issues and biocompatibility[h]

of silicon has prodded silicon as an ideal candidate for in vivo cellular imaging and
biomolecule tracking agents.

According to the quantum confinement model, PL from nanocrystalline silicon
particles has been generally attributed to radiative recombination [in the valence and
conduction bands] of excitons™), where the excitation energy is higher than the optical band
energy of the Si NPs.'” While fast radiative recombination has been frequently observed for
semiconductors with direct band gaps, several studies have theorized that freestanding Si
particles undergo an indirect to direct band gap transition based on quantum confinement and
surface effects.'™'? This fast radiative recombination exhibited by Si NPs results in sharper,
or narrow, emission bands and longer PL lifetimes.

The unique electroluminescent properties of silicon also led to the advancement of
solid-state fluorescent sensors for chemical warfare agents and other high-energy compounds
(i.e. trinitrotoluene (TNT), dinitrotoluene (DNT), nitrobenzene (NB) and other
nitroaromatics).*”* The presence of nitroaromatics can be detected by the photoluminescence
(PL) quenching of porous silicon”. Upon exposure to nitroaromatics, a dynamic electron
transfer between the conduction band of the Si NP to the vacant antibonding molecular
orbital (") of the nitroaromatic molecule occurs, resulting in the PL quenching of the Si
NPs.*>®20 This is often referred to as a non-radiative recombination, or Shockley-Read-Hall
(SRH) recombination, where an electron falls into a trap caused by lattice distortions or

21
another molecule.

M Studies have suggested that silicon can be beneficial to bone and connective tissue health.*’
['m] Electron-hole-pairs.
 Elemental silicon with nanoporous holes in its microstructure.**
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In recent studies, the PL quenching of Si NPs has also been attributed to aging
processes of free standing Si NPs, that is, SiO, surface passivation. As freestanding H-Si
particles age, a decrease in red-to-NIR (near-infrared) emission and an increase in blue
emission is observed.'” Size-inconsistent blue emission from Si NPs with a radius that is
closer to the bulk silicon Bohr exciton radius has been frequently reported.”> While it is
characteristic for a Si NP with a diameter of 1-2 nm to exhibit blue emission14’22’23, which
agrees with the effective mass approximation (EMA) calculations, Si NPs with larger radii
that exhibit blue emission disagrees with the quantum confinement expectations'” reported in
several papers.n*24 Several studies have suggested that the blueshifts exhibited by Si NPs
with radii larger than 1-2 nm originate from possible nitrogen impurities** and/or surface

C . 17222425
oxidation.

1.2 Electrochemistry of Silicon Nanoparticles

1.2.1 Introduction to Cyclic Voltammetry™®*'

Cyclic voltammetry (CV) is a versatile electrochemical technique used in modern
analytical chemistry. CV can be used to study the electrochemical properties, such as the
stability of oxidation states, the number of electrons involved in a reduction-oxidation

(redox) process, and the electrochemical

Inert Gas Inlet Working Electrode

reversibility (rate of electron transfer and coupled

Reference Electrode

suxiliary Electrode  ChEMical reactions), of electroactive species. A

three-electrode system (Figure 2) is used for a

Figure 2. Electrochemical cell with working typical CcV experiment: aworking electrode,
electrode, auxiliary (counter) electrode, reference

electrode, and inert gas inlet for CV. 7

 Quantum confinement model — used to predict electronic and optical properties of materials with diameters of the
same magnitude as the de Broglie wavelength of the electron wavefunction.
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reference electrode, and an auxiliary electrode (also referred to as a counter electrode). An
excitation signal, which is a controlled linear potential, is applied across the working
electrode (e.g. glassy carbon, platinum, gold, carbon paste, efc.) and the reference electrode
(e.g. SCEU], Ag/AgCl, etc.). The auxiliary electrode (e.g. platinum, gold, nickel, etc.)
provides a current that helps the working electrode sustain electrolysis and prevent large
currents from passing through the reference electrode, which could change the potential of
the reference electrode.

A positive and negative potential of the working electrode is cycled at an adjusted
scan rate between an established potential range, and the potentials are controlled versus a

reference electrode. The response signal, i.e. the resulting faradaic current at the working

e electrode, is measured during the potential scan and

'E plotted against the corresponding potential to
g 8D E ucn ™ o/ |5 ™ ——| construct a cyclic voltammogram (Figure 3).
s Ei
g g | Important electrochemical properties of the
g
. electroactive species being studied can be obtained

from a voltammogram. When a positive potential is

—VE

tve 0 —ve  applied, the reduced species in the sample medium is
Potentid versus reference electrode

Figure 3. Representative voltammogram with the

anodic peak, cathodic peak, anodic peak potential,

cathodic peak potential, initial potential, and final

(switching) potential labelled." anodic peak potential (E,,) is observed. As the

oxidized, and an anodic current peak (i) at an

applied potential is switched to a negative potential, the oxidized species are reduced, and a
cathodic current peak (i,.) at an anodic peak potential (E,.) is observed. Mechanistically, an
electron transfer between the reduced and oxidized forms of the analyte (i.e. electroactive

species) and the working electrode is occurring, and the reversibility of the redox process is

Ul saturated calomel electrode; Hg/HgCl.
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determined by the rate of the exchanging of electron(s) between the redox couple. The
relationship between the potential and the relative concentrations of the [electrochemically

reversible] redox couple is governed by the Nernst equation (Eq. 1), as described by

_ ot E [Ox]
E=E"+ NFlOglO ([Red]) (1)

where E is the applied potential, E°’ is the formal potential of the redox couple, R is the
molar gas constant, T is the temperature in the voltammetric cell, N is the number of
electrons transferred, F is the Faraday constant, and [Ox] and [Red] are the relative
concentrations of the oxidized and reduced form of the analyte, respectively. The formal
potential of the reversible redox couple can be determined by calculating the average of the

anodic and cathodic peak potentials, that is

_ EpatEpc
2

E°' 2)

The number of electrons (n) being transferred in an electrochemically reversible process can

be determined by the separation of the peak potentials, as shown below

0.059
AE, = Epqg — Epc = — 3)

For an electrochemically reversible redox process involving one electron (n = 1), the peak
separation is approximated to be equal to 0.059 V. An irreversible redox process, however,
involves a slow electron transfer at the electrode surface, which would result in an increase in
peak separation (i.e. AE;, >> 0.059, for a one-electron process). Coupled chemical reactions,
or decomposition of the redox couple, can cause electrochemical irreversibility. In an
irreversible electrochemical process, a species that is generated during a forward scan
[rapidly] reacts with other components in the cell via coupled chemical reactions, causing a

decrease in anodic or cathodic peak heights, larger peak potential separation, and/or and
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absence in an anodic or cathodic pealk.27 Furthermore, the anodic and cathodic current peaks
of [fast] reversible electrochemical processes approach 1 since, in theory, the values of the
current peaks are identical. However, quasi-reversible and irreversible processes exhibit
deviations from 1 since the peak current ratios are largely influenced by the chemical
reactions coupled to the electrode processes.

CV can be used to measure the redox potentials of the analyte of interest, such as
ferrocene, Si NPs, and various solvents, as well as the potential window of solvents[k], also
known as solvent windows. The HOMO and LUMO energy levels positions of the solvents
can be evaluated using CV, where an electron is injected to the LUMO energy level and a
hole, or removal of an electron, is added to the HOMO energy level. Electrochemically, the
injection of an electron is a reductive process whereas the addition of a hole (removal of an
electron) is an oxidative process. The electrochemical band gap energy of a redox active
molecule can be measured, where the energy required to oxidize or reduce the molecule is
larger enough to overcome Coloumbic (electrostatic) interactions and greater than the

HOMO-LUMO separation of the molecule.”**’

1.2.2 Solvent Effects on the Photophysical Properties of Si NPs

PL provides information about the ground states in the band gap of the Si NP using
defects in the crystal structure of the NP (surface and/or intrinsic), whereas PLE provides
information about the absorption and emission of electronic defects in excited states.”® PLE is
a spectroscopic tool that can be used for characterizing optical transitions in
semiconductors.”®*’ In a typical PL experiment, when the analyte (Si NP) is excited (energy

of the photons from the light source must be larger than the band gap energy), an electron

M The potential range between the cathodic and anodic potentials at which the solvent electrolyzes at the
electrode.®
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from a completely filled valence band (referred to as the ground state) is transferred, or
excited, into the conduction band—this is referred to as optical band-to-band excitation.”®
Before the electron and hole recombine, that is, when the excited electron relaxes back down
to the ground state in the valence band, an intraband relaxation caused by energy transfer to
the crystal lattice (excitation of lattice vibrations) occurs.”® When electron-hole pair
annihilation occurs, energy, in the form of photons, is released and produces a characteristic
wavelength. This wavelength is lower than the incident wavelength (from the light source)
and results in a red shift.

If the redox potential of the quenching species, i.e. the solvents, lies within the band
gap energy of the Si NPs, a dynamic electron transfer between the redox active molecule
(solvent) and the Si NP occurs—this leads to PL quenching of the Si NPs. Thus, by

measuring the redox potentials of the solvents, PL quenching of Si NPs by redox active

solvent molecules can be predicted.

2. Experimental Section

2.1 Materials
2.1.1 Chemicals. The solvents were dried using the appropriate desiccants and degassed by
bubbling argon for 15 minutes. 1-Butanol (C4H;¢0, 99 % extra pure, ACROS-Fisher
Scientific) was dried using activated 0.5 nm molecular sieves; n-butylamine (C4H; N, > 99+
9%, ACROS-Fisher Scientific), N,N-dimethylformamide (CsH7NO, > 99.8 %, Fisher
Scientific), and toluene (C;Hsg, 99.8 %, Sigma Aldrich) were dried using activated 0.4 nm
molecular sieves.>*>! Trichlorosilane (HSiCls, > 98 %; Alfa Aesar) and electrophoretically
pure water (H,0, > 18 MQ-cm resistivity, ACROS-Fisher Scientific) were used to prepare

the silicon polymer precursor; hydrofluoric acid (HF (yq), 48.0 — 51.0 %, Fisher Science
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Education, Hanover Park, IL), ethanol (CH;CH,OH, PSU Stockroom), and
electrophoretically pure water was used to etch the milled polymer and liberate H-Si
particles; toluene (CsHsCHj3, Purity, MF) was used to extract the H-Si particles; 0.1 M
LiCl/H,0 was prepared and used as the supporting electrolyte solution for the cyclic

voltammetry studies.

2.1.2 Characterization. The redox potentials of the solvents were measured using a BioLogic
SP-200 potentiostat; Shimadzu-RF5310 PC spectrophotometer was used to execute
quenching studies on the Si NPs/solvent colloidal solutions; Rigaku Ultima-IV XRD was
used to identify the structure of the milled silicon nanocrystalline; ThermoFisher Scientific
Nicolet iS5 FT-IR spectrometer, equipped with an iD1 Transmission accessory, was used to

characterize the surface of the Si NPs, as-etched.

2.2 Methods"?
2.2.1 Silicon Nanoparticles Synthesis. Trichlorosilane and nanopure water 1:1.5 (by volume)
were added to a deoxygenated 100-mL two-neck round bottom flask and allowed to react
under the flow of argon at 0 °C. The hydrochloric acid gas that was produced from the
reaction was vented for five days. After venting HCI gas, the sol-gel polymer was removed
from the flask and spread onto an evaporation dish to completely dry. The dried polymer was
placed into a ceramic boat and annealed at 1100 °C under flowing nitrogen gas in a
horizontal tube furnace (Lindberg Blue, Model TF55035A, Lindberg Scientific) for ten
hours. The annealed polymer was subsequently ball milled for ten seconds to produce silicon
nanocrystalline powder using a tungsten carbide-lined milling vial with two 1-cm tungsten

carbide balls and a mill mixer (SPEX 8000M Mixer/Mill, SPEX SamplePrep). The milled
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powder was etched using 15 mL of a 1:1:1 (by volume) HF/ethanol/H,O (,q) solution mixture
for 60 minutes to liberate hydride-terminated Si NPs (Figure 4), and the H-Si particles were

extracted with 40 mL of dried toluene.

| e 1@ 2@ 9 EIOHH;0 L
(HSIO1 5)n m @@@@@ HFE:::IH:; H—é—H

Fiqure 4. Synthetic procedure for the preparation of H-Si NPs from the (HSiO, <), precursor.

H

2.3 Redox Potential Measurements.?®*>*

2.3.1 Conditioning of Electrodes. A three-electrode system is used for the CV experiment. A
glassy carbon electrode (area =7 mmz), platinum (Pt) coil (area = 0.7 cmz), and a raw silver
wire (99.9% metal basis, ¥2 hardness, area ~ 0.12629 inz, Alfa Aesar) were used as the
working, counter, and pseudo-reference electrode, respectively. The working electrode was
polished using a 1.0 um polishing diamond solution, followed by a 0.05 um polishing
alumina solution before and after use. The Pt coil counter electrode was cleaned by running
the head of the electrode through an acetylene flame three times, and the Ag wire was

polished using aluminum oxide sand paper (9” x 117 150-grit Al,O3, 3M).

2.3.2 Experimental Parameters. A 0.1 M supporting electrolyte solution (1 mL of 0.1 M
LiCl) and ferrocene was added to a 10 mL analyte sample. The redox potentials of the
samples were measured with a scan rate of 100 mV/s and a forward and reverse potential of
+ 3 V. The potential ranges of the solvents were estimated based on previous studies and the
optimal potential window was selected based on the initial scan. The starting potential was
set at 0.00 V against an open current, and the current was measured over the last 50 % of the

step duration and recorded and averaged over 10 voltage steps. The samples were
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continuously purged of oxygen by flowing nitrogen gas over the sample in the closed

voltammetry cell.

2.3.3 Data Processing. EC-Lab software was used to post-process the data on the
voltammogram. The wave function was used to calculate the half-wave potential, and the

peak function was used to calculate the anodic and cathodic peak current heights.

2.4 Photoluminescence Measurements
2.4.1 Sample (or Analyte) Preparation. A'5 mM solvent solution (diluted using toluene) was
added to 5 mL of freshly etched Si NP extraction and sonicated for 30 seconds. A layer of
argon was streamed over each sample vial and stored in the refrigerator to delay aging of the

colloids.

2.4.2 Quenching Studies. Three PL and PLE measurements for each colloid sample were
taken and averaged. The PL and PLE measurements of the aging particles were immediately
taken after dispersing the particles in the solvents (t=0), and the quenching of the aging Si

NPs were studied over time.

3. Results and Discussion
3.1 Powder X-Ray Diffraction (PXRD)
Powder x-ray diffraction was run on the annealed and milled (HSiO; s), precursor using a
Rigaku Ultima IV x-ray diffraction system in parallel geometry. Data was collected from 10°
to 60° two theta (20), and the reflections for the bulk silicon were calculated, as shown in
Figure 5. The intense, broad peak at 20 = 21.3° (highlighted pink) is indicative of the

presence of an amorphous Si phase—the amorphous phase typically exhibits scattered x-rays
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that (111) (220) (311) result in a robust, broad

2100
peak and is often

S 1600
< observed for Si NP
g 1100
2 35,36
E 600 precursors. The

100 Bragg peaks at 20 =

10 20 30 40 50 60
26 (Degrees) 28.3°,48.1°, and 57.5°

Figure 5. PXRD scan of the annealed (1100 °C) and milled (HSiO;s), precursor. The (highlighted orange
calculated reflections for bulk silicon are highlighted, where the pink highlighted region is
indicative of the presence of an amorphous Si phase, and the orange highlighted regions

are the Bragg peaks of the bulk silicon (indicative of polycrystalline Si). reglons) are typlcal X-

ray diffraction patterns for polycrystalline Si, with the most intense peak being the (111)
reflection at 28.3°. The broadening of the Bragg peaks has been attributed to the deformation
of the lattice structure of the crystal, that is, refinement of Si’s microstructure. At lower
temperatures (< 1400 °C), the peaks become less resolved and decrease in intensity (Figure
6).

As shown in Figure 6, the broadening in the Bragg reflections (peaks) is temperature
dependent, that is, the crystal lattice structure becomes deformed as a response to thermal

expansion, or thermal movement.>’ While the Bragg peaks are not discrete, the small

(111) (220)  (311) . ‘ . )
diffraction peaks corresponding to reflections
from the planes (111), (220), and (311) showed

E 1400 °C

f’z .. that the annealed sol-gel polymer was

E 1300 °C

o - 1200°c . . .

£ polycrystalline Si. Furthermore, the obtained

£ 1100 °C

T —— 30°c PXRD scan from the annealed sol-gel polymer
. | | : I 2 I SiSTD.
» * 20 (degrees) . was comparable to past PXRD studies of the
Figure 6. In-situ variable temperature (30 °C - 1400 °C)
PXRD studv published bv Chiu et al.*® (HSi01.5)n precursor.
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3.2 FTIR Spectroscopy

Freestanding hydrogen-terminated Si particles (H-S1) were extracted into toluene (40
mL) after chemically etching the annealed and milled sol-gel polymer for 60 minutes using a
15-mL solution of 1:1:1 (by volume) ethanol/water/HF (,q). An aliquot of the Si colloid was
concentrated by drying down toluene to obtain ~ 1-2 mL of the colloid. An FTIR spectrum of
the as-etched Si NP surface was attained using NaCl plates (salt plates) and a ThermoFisher
Scientific Nicolet iS5 FT-IR spectrometer, equipped with an iD1 Transmission accessory, as
shown in Figure 7.

3200 cm” 2920 cm™ 2100 cm’! 1050 cm™ 797 cm™

80
70
60
50

40

30

TRANSMITTANCE (%)

20

10

3450 2950 2450 1950 1450 950 450
WAVENUMBER (CM™)

Figure 7. FTIR spectrum of the as-etched Si NPs (H-Si). O-H (orange), C-Hx (green), H-Si (red), Si-O-
Si (blue), Si-OH (purple), and Si-C (yellow).

The Si NPs were shown to have hydride, as well as Si-O-Si, Si-OH and Si-C, surface
termination by FTIR spectroscopy—a small, broad H-Si stretching at around 2100 cm™, large
Si-O asymmetric vibrations at around 1050 cm'l, large, sharp Si-OH stretch at 797 cm'l, and
a Si-C stretch at 1260 cm™ were observed. Residual hydrocarbons (toluene) and a trace

amount of water were observed at 2920 cm™ and 3200 cm', respectively. Rapid surface
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oxidation was observed when the particles were exposed to air when drying off the toluene in
the fume hood. Trace amounts of water were most likely introduced during the extraction of
the freshly etched Si NPs and/or wet solvent. At around 1260 cm™, a large, sharp peak
indicative of Si-C stretching suggests possible surface adsorption of the toluene on the Si

NPs.

3.3 Cyclic Voltammetry

The redox potentials of ferrocene in 1-butanol, n-butylamine, and N,N-
dimethylformamide (DMF) were measured
using cyclic voltammetry (CV). Representative
cyclic voltammograms of ferrocene in 1-butanol,
n-butylamine, and DMF are shown in Figures 8

— 10. The voltammograms show that as the

Current, | (mA)

Ewe (V)

applied potential becomes positive, an anodic
Figure 8. Cyclic voltammogram at the glassy carbon
electrode of ferrocene in 1-butanol. peak current is observed at the anodic peak
potential. As the potential is reversed, that is, as it becomes more negative, a cathodic peak
current at the cathodic peak potential is observed. When a positive potential is applied,
ferrocene becomes oxidized and is, therefore, converted to ferrocenium. When the potential
switches to a more negative potential scan, ferrocenium was converted back to ferrocene.
This reversible conversion of ferrocene/ferrocenium is represented below, in Equation 4.
Fe(CsHs); © Fe(CsHs) + e~ 4)
The peak and wave analysis functions in the EC-Lab software that was used to post-

process the data collected from the voltammograms were used to calculate the anodic and

cathodic peak current heights and ratios (ip, and i), anodic and cathodic peak potentials (Ep,
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and E,.), peak potential separation (AE,), and half-wave potentials (E,), and summarized in

Table 1.

Table 1. The anodic/cathodic peak current/potentials, peak current ratios, Ferrocene is a common redox
peak potential separation, and half-wave potentials of ferrocene in 1-butanol,

n-butylamine, and DMF. couple used in electrochemical

Solvent — E,/(V) E,/(V) ®&  AE,/(V) E;p/(V) .
ipc studies—the

I-Butanol | 0.8985 02243 09621 0.6742 04416
n-Butylamine | 0.05243 02495 0.1753 0.1971  0.4979 dation/reduction of
DMF | 09018 0.6194 09931 02824  0.7867 oxidation/reduction o

ferrocene is a reversible, one-electron process, as shown in Eq. 4. The peak potential
separation of ferrocene should, in theory, equal to 0.059 since the redox process involves
only one electron. The peak potential separation of ferrocene in 1-butanol was calculated to
be 0.6742 V, which implied that the oxidation/reduction of ferrocene in 1-butanol did not
involve one electron, thus was not electrochemically reversible. The large peak potential

separation of ferrocene in 1-butanol suggested

0.0005
—
that a slow electron exchange of the redox
= 0
-&.25 0.05  0.15 5 0.55 couple with the glassy carbon occurred. The

=
= | . . .
5 anodic/cathodic peak current ratio of ferrocene
= |
3

0,001 in 1-butanol was calculated to be close to 1.00—

EWE (V)

Figure 9. Cyclic voltammogram at the glassy carbon this means that the anodic and cathodic peak
electrode of ferrocene in n-butylamine.

current heights were nearly identical, a

0.03
Z 002 characteristic that is most commonly observed
£
- oot for fast, reversible redox processes. The half-
=
g 0
5 005 1.45 . .
3 -0.01 wave potential of ferrocene in 1-butanol was
-0.02
Ewe (V) reported to be 0.4416 V. These results, however,

Figure 10. Cyclic voltammogram at the glassy carbon were largely affected by the type of supporting
electrode of ferrocene in DMF.

17 |Page



electrolyte used. A 0.1 M LiCl and water solution (1.0 mL) was used as the supporting
electrolyte for this study—the measured redox potentials of the solvents were speculated to
be the redox potentials of water. Water and chloride are electrochemically unstable, thus the
use of water and a chloride salt in the solvent medium drastically affected the redox of the
solvents.

The peak potential separation of ferrocene in DMF was calculated to be 0.2824 V.
The anodic/cathodic peak current ratio was reported to be 0.9931, and the half-wave potential
was measured to be 0.7867 V. A previous study on CV of ferrocene in DMF, published by
Tsierkezos, reported peak current ratios, peak potential separation, and half-wave potentials
0f 0.96, 0.086 V, and 0.951 V, respectively.3 ® The large deviation of the peak potential
separation of ferrocene in DMF from 0.059 V is consistent with the speculation that water
and chloride greatly affected the measurements obtained from the voltammogram. Ferrocene
in DMF was determined to be a quasi-reversible electrochemical process, albeit the measured
values deviated from the values reported by Tsierkezos and the expected values for a fast,
reversible redox process for a single electron transfer (Nernst equation).

The peak potential separation, anodic/cathodic peak current ratio, and half-wave
potential of ferrocene in n-butylamine was calculated to be 0.1971 V, 0.1753, and 0.4979 V,
respectively. An irreversible electrochemical process was observed based on the absence of
an anodic and cathodic peak in the voltammogram of ferrocene in n-butylamine, as shown in
Figure 9. The absence of an anodic and cathodic peak was speculated to be due to coupled
chemical reactions at the surface of the glassy carbon electrode and dissolved O, in the
sample medium. As the potential was cycled, a gradual shift in the anodic peak was

observed, illustrating the decomposition of n-butylamine and an increase in ferrocenium ions.
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The anodic peak indicated that, as a positive potential was applied, ferrocene was being
converted to ferrocenium. However, as the potential was switched to a more negative
potential, ferrocenium was not being converted back to ferrocene, which resulted the anodic
peak to shift and increase in peak height.

The measured half-wave potentials, or the redox potentials, of ferrocene in 1-butanol,
DMF, and n-butylamine could not be used to determine the electrochemical behavior of these
solvents. The main source of error was the use of chloride ions and water, which are very
electrochemically active molecules. Furthermore, the redox potentials of ferrocene in the
solvents doesn’t mean anything in the context of Si NPs. However, this CV study could aid
in designing an experiment where the electrochemical behavior of Si NPs in various solvents
are studied, where ferrocene can be used as a reference peak. By using ferrocene as a
reference, the reversibility and the number of electrons involved in the redox process of Si

NPs can be studied with more ease and make the voltammograms less complex.

3.4 Photoluminescence Quenching Studies

The photoluminescence quenching capabilities of DMF, 1-butanol, and n-butylamine
on H-terminated Si NPs were studied. These solvents (Figure 11) were chosen based on their

varying electron-withdrawing or electron-donating properties.

O

.CH
H)J\rl\l ° 3 HO\/\/CH3 HZN\/\/CHS

CHs
(2) (b) (©)

Figure 11. Molecular structures of N,N-dimethylformamide (a), 1-butanol (b), and n-butylamine (c). (Images
provided by PubChem (NIH).”
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The freshly-etched H-Si particles were dispersed in a 5 mM solvent solution, and
photoluminescence (PL) and photoluminescence excitation (PLE) measurements were taken
immediately after dispersal (time, t = 0) and as the particles aged (time (in hours), t =22 and
43). Three scans per PL and PLE measurement were taken and averaged for each sample.
Duplicate samples were prepared in order to see if the study would be reproducible. The PL
and PLE scans of the as-etched H-Si particles, when t (hours) = 0, 22, and 43 were

superimposed for each solvent (Figures 12 — 17).
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Figure 12. Superimposed PL measurements of H-Si particles  Figure 13. Superimposed PLE measurements of H-Si particles

(as etched) and after dispersal in 1-butanol at time (in hours),  (as etched) and after dispersal in 1-butanol at time (in hours), t
t=0, 22, and 43. =0,22,and 43.

Figure 12 shows the emission spectra of the as-etched H-Si particles in toluene (blue), H-
Si particles in 1-butanol immediately after dispersion (orange), and aged H-Si particles in 1-
butanol after 22 (grey) and 43 (yellow) hours. The as-etched particles exhibited characteristic
red emission [at 581 nm] under 365-nm excitation, and after immediate dispersion in 1-
butanol, a rapid decrease in PL intensity at 581 nm and steady increase in PL at 411 nm was
detected. After 22 hours, a noticeable red-to-blue PL conversion—that is, an increase in blue
emission and a decrease in red emission—was observed. After 43 hours, the Si NPs were
quenched, signifying that the particles no longer emitted red. Figure 13 shows the excitation
spectra of the as-etched H-Si particles in toluene (light green), H-Si particles in 1-butanol

20| Page



immediately after dispersion (blue), and aged H-Si particles in 1-butanol after 22 (yellow)

and 43 (dark green) hours. The as-etched Si NPs showed strong excitations at 292 nm, and as

the particles aged, the intensity of the peaks gradually decreased.

160
140
120
100
80
60
40
20
0

EMISSION INTENSITY (A.U.)

——1t=0

Figure 14. Superimposed PL measurements of H-Si particles
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Figure 15. Superimposed PLE measurements of H-Si particles

(as etched) and after dispersal in n-butylamine at time (in (as etched) and after dispersal in n-butylamine at time (in
hours), t =0, 22, and 43.

Figure 14 shows the emission spectra of the as-etched H-Si particles in toluene

hours), t =0, 22, and 43.

(blue), H-Si particles in n-butylamine immediately after dispersion (orange), and aged H-Si

particles in 1-butanol after 22 (grey) and 43 (yellow) hours. The PL intensity of the Si NPs

dispersed in n-butylamine was weaker with a slower onset of red-to-blue PL conversion.

Figure 15 shows the excitation spectra of the as-etched H-Si particles in toluene (light green),

H-Si particles in n-butylamine immediately after dispersion (blue), and the aged H-Si

particles after 22 (yellow) and 43 (dark green) hours. Immediately after dispersion in n-

butylamine, an increase in PLE intensity and a rapid decay after 22 hours at 292 nm was

observed.
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Figure 16. Superimposed PL measurements of H-Si particles Figure 17. Superimposed PLE measurements of H-Si particles
(as etched) and after dispersal in N,N-dimethylformamide (as etched) and after dispersal in N,N-dimethylformamide
(DMF) at time (in hours), t =0, 22, and 43. (DMF) at time (in hours). t = 0. 22, and 43.

Figure 16 shows the emission spectra of the as-etched H-Si particles in toluene
(orange), H-Si particles in DMF immediately after dispersion (yellow), and aged H-Si
particles in DMF after 22 (black) and 43 (brown) hours. Immediately after dispersal, a
decrease in PL intensity was also observed, however, only a slight increase in blue emission
was detected. After 22 and 43 hours, the PL of the Si NPs was quenched, and a large blue
conversion was measured. Figure 17 shows the excitation spectra of the as-etched H-Si
particles in toluene (blue), H-Si particles in DMF immediately after dispersion (orange), and
the aged H-Si particles after 22 (grey) and 43 (yellow) hours. A steady decrease in excitation
at 292 nm was measured, similar to the Si NPs dispersed in 1-butanol.

The PL spectrum of the as-etched Si NPs exhibited a relatively narrow and sharp peak
at 581 nm, which is characteristic of red-emitting hydride-terminated Si NPs. In addition to
the red emission at 581 nm, a strong blue emission at 411 nm was also observed. The origin
of blue PL from the Si NPs has been one of the most controversial issues, however several

studies have suggested that the blue PL exhibited by the Si NPs originates from oxygen

22| Page



15,17,22,24,

passivation on the Si NP surfaces. 239 Other studies have suggested that blue PL

from the Si NPs is attributed to the indirect-to-direct band gap transition in small Si NPs (1-2
nm).24

After dispersing the particles in 1-butanol, n-butylamine, and DMF, broadening and a
decrease in PL intensity of the emission peak at 581 nm was observed. As the particles aged,
a discernable red-to-blue PL conversion was measured, and after 43 hours, red PL of the Si
NPs was quenched. Hydride-terminated Si NPs are unstable and very reactive—the H-Si
particles become susceptible to surface oxidation, and upon exposure to air (or oxygen
sources), Si=0 bonds are easily formed. This oxygen passivation of the Si NP surfaces
caused blue PL conversions via electron-hole annihilation (recombination), which involved a
trapped electron or exciton. As the oxide layer on the Si NP surfaces grow, the core diameter
of the particles decrease.

The Si NPs dispersed in 1-butanol exhibited greater blue PL intensity versus the
particles dispersed in n-butylamine and DMF. After 43 hours, the blue emission intensity of
the particles in 1-butanol was around 246. This high blue PL intensity can be attributed to
oxygen sources from 1-butanol in addition to oxygen passivation from the exposure to air
when the sample was transferred to the cuvette. Similar to 1-butanol, the particles in DMF
also exhibited greater blue PL intensity at around 195. Furthermore, both 1-butanol and DMF
were more nucleophilic relative to n-butylamine. Although DMF has two electron-rich atoms
(O and N), the nitrogen stabilizes the electron-withdrawing inductive effects of the oxygen in
the molecule. The Si NPs dispersed in n-butylamine resulted in a weaker blue PL intensity

after 43 hours, however the red PL of the particles were, regardless, quenched.
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4. Conclusions

The effects of using solvents with varying redox potentials on the optical properties of
hydride terminated Si NPs were studied. CV was used to measure the redox potentials of
ferrocene in 1-butanol, n-butylamine, and DMF as well as the relative solvent windows.
However, a few experimental conundrums were encountered when measuring the half-wave
potentials of the solvents due to the use of chloride ions and water, which are two electroactive
molecules. PL and PLE was used to study the PL quenching capabilities of the solvents on
hydride-terminated Si NPs, where [complete] quenching of the PL from the Si NPs dispersed in
the solvents was observed after 43 hours. The solvents with oxygen sources, namely 1-butanol
and DMF, exhibited greater effects on the optical properties of Si NPs due to their increasing

nucleophilicity relative to n-butylamine.

5. Appendix

Figure 18. Annealed and milled (HSiO 5), precursor fluoresces bright red under 365-nm using a hand-held UV lamp
(left). Freshly etched H-Si particles extracted into toluene fluoresced bright red-orange under 365-nm using a hand-
held UV lamp (right).
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Figure 19. The two replicates of the Si NPs dispersed in 5 mM DMF exhibited
comparable intensities.
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