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Abstract

Silicon nanocrystals (SiNCs) have been explored as active materials in a variety of
prototype applications including photovoltaics, electronics, photonics, and sensors based on their
optical and electronic properties. Using SiNCs are appealing because their source material (i.e.,
silicon) is abundant, they exhibit limited toxicity, and their optical as well as electronic properties
are tunable. To further the advancement of SiNC-based applications, there is a need to develop
surface functionalization methods that provide stability and render the SiNCs solution-
processable. This must be achieved while maintaining, and even tailoring SINC optical response.
This thesis consists of two overarching themes: the surface passivation of SiNCs (Chapters 2-3)
and the development of SiNC-based sensors (Chapters 4-5).

Chapter 2 investigates the hydrosilylation of SINCs with a variety of alkenes and alkynes
using two common radical initiators (i.e., azobisisobutyronitrile and benzoyl peroxide). Chapter
3 examines the use of a compact fluorescent light source for the generation of thiyl radicals from
two disulfide containing ligands (i.e., lipoic acid and dibutyl disulfide) to promote radical initiation
of the SiNC surface to generate Si-S surface bonds.

Chapter 4 describes the development of a luminescent paper-based sensor using dodecyl
functionalized SiNCs for its optical response towards nitro-group containing high energy
compounds (i.e., trinitrotoluene (TNT), cyclotrimethylenetrinitramine (RDX) and pentaerythritol
tetranitrate (PETN)). Ester functionalized SiNCs were embedded into polydimethylsiloxane
(PDMS) based-substrates for the optical detection of biogenic amine vapors released during food
spoilage in Chapter 5.

Finally, in Chapter 6, a summary of the findings of SiNC surface passivation and sensors

is presented, followed by possible future research directions in these areas.
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Chapter 1
Introduction.!

! A portion of this chapter has been published:
Gonzalez, C. M. and Veinot, J. G. C. Journal of Materials Chemistry C 2016, 31, 10540-10548.



1.1 Nanotechnology and quantum dots

“I would like to describe a field, in which little has been done, but in which an enormous
amount can be done in principle...What I want to talk about is the problem of manipulating and
controlling things on a small scale.” These words were spoken by Richard Feyman in his speech,
“There’s Plenty of Room at the Bottom,” delivered at the 1959 American Physical Society Annual
Meeting, in which he envisioned and encouraged the audience to consider the advantages of
studying the properties of nanoscale materials; and thus the modern age of nanotechnology began.
The term “nanotechnology” was first used by Norio Taniguchi in 1974 at the International
Conference on Precision Engineering.? A more current definition suggested by the National
Aeronautics and Space Administration (NASA) is, “the creation of functional materials, devices,
and systems through the control of matter on the nanometer length scale (1-100 nm), and
exploitation of novel phenomena and properties.”® Types of nanostructures (i.e., structures that
have at least one dimension between 1 and 100 nm) that have been developed and investigated
include two- (e.g., nanosheets), one- (e.g., nanowires), and zero- (e.g., nanoparticles) dimensional
structures.’

Why are these nanostructures of such interest to researchers? While bulk materials have
been studied by scientists for years, nanostructured materials have not. Once a material is the size
of 1-100 nm, size and shape dependent properties became apparent and are different than those
observed for molecular or bulk systems.* Also of significant importance, is the change in the
surface/volume ratio, resulting in many atoms being located on the surface of the materials as

opposed to the interior. Some of the observed changes in materials related to nanoscale size

1,5,6 1’7,8 134,9 10,11

include thermal,”” electrical,’”® optical,™” and magnetic'™"" properties.



One important class of nanomaterials is semiconductor quantum dots (QDs). These
materials are classified as zero-dimensional (confined in all three spatial dimensions)
semiconductor materials with the size of the order of or smaller than the Bohr exciton (electron-
hole pair) radius.'? Since their discovery in the 1980s by Brus and coworkers,'*'* QDs have been
one of the major advances in materials science over the past three decades.!* A recent editorial
by Kamat highlighted this impact based on the number of published papers and their citations over
the 25-year period of 1991 and 2016 (Figure 1-1).! Within the last 5 years, an average of 1800-
2000 papers concerning semiconductor QDs are published annually (Figure 1-1).!¢ These
materials can be classified into different groups, for example, group I1-VI (e.g., CdS, CdSe, CdTe,
ZnS, ZnSe, etc.),!!? group II-V (e.g., GaAs, InP, InAs, etc.),** group IV (e.g., Si, Ge, etc.),>**
and group IV-VI (e.g., SnS, PbS, PbSe, etc.)**?® have all been studied. The interest in these
materials has largely arisen due to their size and shape-tailorable luminescence that is stable against

photobleaching.'®
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Figure 1-1: A plot displaying the number of published papers and citations of semiconductor QDs
in the 25 years between 1991-2016. Note: The data was collected during the first week of Jan
2016, with data from 2015 being partial. Reproduced with permission from J. Phys. Chem. Lett.
2016, 7, 584-585 (reference 16). Copyright 2016 American Chemical Society



What causes this highly desirable size and shape-tailorable QD luminescence? To answer
this question, it is first necessary to briefly discuss the structure of extended solids. In these
structures, a large number of discrete energy levels combine to create a continuous band.?’
Semiconductors contain bands known as the valence band (VB) and conduction band (CB) and
are separated by forbidden levels known as the band gap (Eg) shown in Figure 1-2.3° The
luminescence observed in QDs occurs when an electron is excited from the VB to the CB, creating
an electron-hole pair (exciton). The relaxation of the CB electron to fill the hole of the VB
(recombination), is usually accompanied by light emission or heat.> The tailorability of the
luminescence arising from the size and shape of the QDs results from quantum confinement. The
density of states (DOS) of the VB and CB are not uniform, and are densest at the centers (where
they are centered about atomic energy levels) of the bands, and are sparse at the edges.”’
Therefore, as the size of the QD decreases, the number of orbitals decreases, resulting in the
continuous band edges to become discrete, and the Eg to widen and shift to a higher energy (Figure
1-2).3! This results in the Eg varying with QD dimensions. This is a quantum effect because it is
governed by the nature of standing waves of the confined system rather than by a fraction of atoms
at the surface.®® This change in the Eg with size/dimension, causes the change in luminescence

emission maxima as depicted in Figure 1-2.
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One model to describe the relation between nanoparticle size and the band gap is the

effective mass approximation (EMA; Equation 1-1):

E(R) =E; + S \m T — )~ — 5 0284 E Equation 1-1

hzrcz( 1 1 ) 1.786e2
me - my &r

where R is the diameter of the nanocrystal, E is the band gap of the bulk material, is h Planck’s
constant, m; and my, represent the effective mass of the electron and hole, respectively, e is the
change of the electron, ¢, is the relative permittivity, and Ey is the Rydberg energy for the bulk
semiconductor and is material dependent.? Based on this relationship, it can be seen that the

absorption energy of the QDs will shift to a higher frequency with decreasing diameter of the QDs,



and is dependent of 1/R?. This can be seen from the reflected colors of QDs with varying
diameters, shifting from blue to red with increasing size (Figure 1-2).

In contrast to organic fluorophores, QDs exhibit large Stokes shifts and high luminescence
quantum yields.>>** Also adding to their appeal, is their tunable functionalization/capping of the
QD surface allows for integration into many platforms.?> These properties have led to potential
QD applications in light-emitting diodes,** bioimaging,*® and sensors.!> Unfortunatley, group II-

36-38

VI and group III-V QDs have inherent toxicity, and therefore the exploration and exploitation

of alternative non-toxic materials, such as silicon nanocrystals, is of the utmost importance.

1.2 Silicon Nanocrystals

Silicon nanocrystals (SiNCs) have intrigued researchers partly due to their advantages
compared to other existing QDs such as their source material (i.e., silicon) is abundant, they exhibit
limited toxicity, they are well-suited for integration with existing technology, and they display
photoluminescence that is not observed in bulk silicon.****> While porous silicon was discovered
in the 1956, it was not until 1990 when Canham demonstrated the material was luminescent.**
Porous silicon is produced during anodic galvanostatic, chemical or photochemical etching of
monocrystalline silicon in the presence of hydrofluoric acid (HF).*> Pore sizes in the range of a
few nanometers to a few micrometers can be obtained during the etching process by changing the
concentration of HF in the electrolyte, the current density, surfactant type, and the density of silicon
dopants and the illumination process, while the etching time determines the pore length.*#® It
may seem odd that the observation of luminescence from porous silicon took over 30 years to
discover, however, bulk silicon is deemed to have a forbidden optical band gap transition, making

luminescence unlikely. This is because bulk silicon, an intrinsic semiconductor, has an indirect



band gap of 1.12 eV at 300 K.2* A comparison between direct and indirect band gap materials

can be seen in Figure 1-3. A direct band gap material (Figure 1-3a) has the maximum of the VB

and the minimum of the CB located in the same coordinate in k-space, allowing for the electron-

hole recombination to occur without any change in momentum. However, for indirect band gap

materials like silicon, the VB maximum and the CB minimum are not in the same coordinate in k-

space (Figure 1-3b), so in order for promotion or relaxation to occur between the band gap, the

electron needs to have a shift in momentum that is disallowed by symmetry and the Law of

Conservation of Momentum (i.e., energy would not be conserved).>*° Therefore, an indirect

recombination mechanism occurs in where an interstitial defect or lattice vibrations (phonon)

captures the electron to facilitate the recombination and is accompanied by the release of a phonon,

rather than light emission.>”!
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Figure 1-3: Comparison of a) direct bandgap and b) indirect band gap materials.
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Canham proposed, that fabricating silicon structures small enough (i.e., less than the Si

Bohr exciton radius, 4.5 nm) to exploit quantum confinement effects on the band structures, could
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4 As the size of silicon

overcome the low probability of intrinsic radiative recombination.*
decreases to the order of or smaller than the Bohr exciton radius, the electron and hole (exciton)
are confined, causing a relaxation of the momentum conservation. This is based on the Heisenberg
uncertainty principle, Ag~1/R, where Aq is the wavevector uncertainty and R is the radius of the
SiNC.’%% As the SiNC becomes smaller, the Ag becomes comparable to the change in momentum
(Ak) and therefore leads to an enhancement of the probability of recombination occurring.>

The tuning of the emission of SiNCs by changing the size of the particle has been reported
and appears to follow the quantum confinement effect.>*> In a 2013 study conducted on single
freestanding SiNCs, scanning tunneling spectroscopy measurements on dodecyl functionalized
SiNCs indicated an increase in the band gap (E) with decreasing SiNC size.>® However, quantum
confinement being the sole cause of SINC luminescence is the subject of ongoing debate. Also
shown to effect the luminescent properties, are different surface passivation groups which could
lead to size-independent luminescence across the visible spectra.>>>¢ The effect of surfaces states

is described in further detail in Section 1.4.3.

Since the observation of luminescent porous silicon, the development of luminescent

57,58 59-61

silicon nanostructures® such as silicon nanosheets,’”->® nanowires,>*! and nanocrystals®>% have

been reported. SiNCs have been implemented in many areas of application including catalysis,

67,68 70,71

photonics,® electronics,’® photovoltaics,®”*® water remediation,*” bioimaging,’®’! and sensors.”?
A detailed discussion of SiNCs for the use of sensing platforms is presented in Section 1.5. The

remainder of this thesis will focus on SiNCs.



1.3 Synthesis of SINCs

There have been a variety of reported synthetic methods developed for the synthesis of
SiNCs. In this section, key examples are summarized into four categories: top-down (mechanical),

solution-phase (bottom-up), gas-phase, and solid-state.
1.3.1 Top-down Methods

The use of silicon wafers is a straight-forward method to generate SINCs. One example of
a top-down methodology involves the ultrasonication of porous silicon to yield photoluminescent
particles.””> It was shown that the size and shape of the resulting SiNCs is dependent on both the
etching process and sonication time. Alternatively, mechanochemical ball milling of bulk silicon
can also yield SiNCs.””7 By using high energy reactive ball milling (HERBM), SiNCs can
simultaneously be produced and functionalized with a variety of ligands (i.e., n-alkynes, alkenes,
aldehydes, carboxylic acids and alcohols) and all displayed blue luminescence (Figure 1-4).7%77

Recent work on using ball milling incorporate the use of an inert salt buffer (i.e., LiCl) to limit the

formation of amorphous SiNCs produced.”



Figure 1-4: Illustration of high energy reactive ball milling to simultaneously produce and
functionalize SiNCs. Image reproduced with permission from Adv. Mater. 2007, 19, 3984-3988
(reference 76). Copyright 2007 Wiley-VCH.

1.3.2 Bottom-up/Solution-based

The most commonly employed method for preparing SiNCs involves solution-phase
synthesis. The field was widely developed after Heath’s initial report involving the reaction of
SiCl4 and octyltricholorsilane at high temperature (385 °C) and pressure (> 100 atm) for a period
of 3-7 days to produce a low yield of polydispersed (d = 2-9 nm) SiNCs.” Other reduction
methods use SiCls as the silicon source along with sodium metal with tetraethyl orthosilicate
(TEOS)* or sodium napthalenide (NaCioHs) in glyme (dimethoxyethane),’! however, these
methods resulted in polydisperse particles that exhibited only blue luminescence (Scheme 1-1).
Further investigation involved SiCls as a silicon source and LiAlH4 as a reducing agent; a

surfactant (e.g., tetraoctyl ammonium bromide, TOAB) was employed to arrest particle growth.
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This procedure generated hydride-terminated SiNCs (H-SiNCs).#*3% Variations of this method
also saw alkyl silanes used as capping agents.®> These arrested growth methods provided SiNCs
of relatively narrow size distributions that showed blue photoluminescence. An unfortunate

drawback of these reaction conditions using LiAlH4 is the formation of pyrophoric silane.®

A. SiCl, NaC4oHg
glyme

B. siCl, TOAB, LiAlH, .
Sonication

C. SiCl, R-SiClj3, LiAlIH,4
Sonication

R = alkyl

Scheme 1-1: Solution-based reduction methods to produce SiNCs. Adapted with permission from

Chem. Soc. Rev., 2014, 43,2680-2700 (reference 63). Copyright 2014 Royal Society of Chemistry.

Another class of solution-based methods exploit the reaction of Zintl salts with silicon
halides, ammonium bromide or bromine. Zintl salts (NaSi,*” KSi,*® and Mg,Si*’) reduce SiCls in
solutions of glyme, diglyme or THF (Scheme 1-2). Also, the reaction of magnesium silicide
(MgSi>) with Br; under reflux also produced SiNCs.”*! A recent study also showed the Zintl
phases, NasSi4, Rb7NaSis and A12Si17 (A = K, Rb, Cs), could also be used as precursors for the
synthesis of SiNCs.”?> Again, all SiNCs produced via Zintl salts/phases and magnesium silicide

displayed blue luminescence.”

11
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Scheme 1-2: Schematic of the use of Zintl salts/metal silicides for the production of SiNCs.
Reproduced and adapted with permission from /norg. Chem., 2015, 54, 396-401(reference 92),
Chem. Comm., 2006, 4160-4168 (reference 62), and Angew. Chem. Int. Ed., 2016, 55, 2322-2339
(reference 93). Copyrights 2015 American Chemical Society, 2006 Royal Society of Chemistry,
and 2016 Wiley-VCH.

1.3.3 Gas-Phase Methods

Multiple gas-phase methods have been reported that afford SiNCs; they typically involve
the pyrolysis of silane (SiH4) gas (Scheme 1-3). Murthy et al. first reported gas-phase synthesis
of SINCs in 1976, by the thermal decomposition of silane in hydrogen at high temperature (1000
- 1100 °C) to obtain octahedral SiNCs (30 - 80 nm).”* It was later shown by Cannon et al. that
exposure to a CO; laser could induce silane pyrolysis and generate gram quantities of

agglomerated silicon particles.”>*® However, these early reports of SiNCs generation via pyrolysis

12



did not display luminescence unless they were subsequently etched with HF.°””® Swihart and
coworkers further showed this laser pyrolysis method could lead to SiNC production rates at ~20-
200 mg/h, tunable luminescence across the visible spectrum, and high photoluminescent quantum
yields (as high at 39%) .100-102

An alternative method to laser pyrolysis uses non-thermal plasma, or “hot electrons” within

3

the plasma to induce the decomposition of silane.!®> Plasma-based pyrolysis systems for the

generation of SINCs can also result in size-based luminescence across the visible spectrum as seen

in Figure 1-5.1%

T H
Nt
H— Si —H
7/ AN
|

HH

SiH, pyrolysis/plasma Si HNO;/HF

Scheme 1-3: Reaction scheme of common gas phase methods for the production of SiNCs. Note
photoluminescence color can be tuned across the visible spectrum. Reproduced and adapted with
permissions from Angew. Chem. Int. Ed., 2016, 55, 2322-2339 (reference 93). Copyright 2016
Wiley-VCH.

Figure 1-5: Images of SiNCs of different sizes under UV-light (365 nm) prepared via plasma

pyrolysis of silane gas. Reproduced with permission from Nanotechnology, 2008, 19, 245603
(reference 105). Copyright 2008 IOP Science.
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1.3.4 Solid-state

The solid-state synthesis approach to the generation of SiNCs typically requires silicon rich
oxides (SRO) (i.e., non-stoichiometric oxides SiOx (0 < x < 2) and sol-gel polymers ((HSiO1.5)n),
as precursors. These precursors are thermally processed to produce SiNCs in silicon oxide.

Subsequent HF etching of the crude product provides H- SiNCs.?* Common methods for preparing

105,106 107,108

the SiOx precursor include, ion implantation, chemical vapor deposition, co-

sputtering,'% and molecular beam epitaxy.?* One of the first examples of the production of SiNCs

from SiOx was performed by Liu et al,''%!

where they thermally annealed commercial,
amorphous SiOx, to obtain SiNCs with diameters in the range from 2 - 16 nm.

The use of a commercially available SRO, hydrogen silsesquioxane (HgSisO12, HSQ), as a
precursor for the size and shape controlled synthesis of SiNCs has been established by the Veinot
group.!'? Thermal processing of polymeric HSQ ((HSiO1 5),) at 1100 °C under a slightly reducing
atmosphere (95 % N»/ 5% Hb») produced SiNCs (d = 3 nm) embedded in a silica (Si02) matrix
(Scheme 1-4).''> The SiNCs were liberated from the SiO> matrix through HF etching, to produce
spherical H-SiNCs that displayed size-dependent photoluminescence (Figure 1-6). It is postulated
that the mechanism of HSQ decomposition first involves the loss of SiH4 in the temperature range

0f 250 - 350 °C, followed by the disproportionation of the silicon rich oxide to form Si(0) and SiO2

at 350 - 450 °C.'12
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Scheme 1-4: The synthesis of SiNCs (d = 3 nm) embedded in silica from the thermal
decomposition of HSQ. Note: The form of HSQ used for SiNC synthesis is (HSiO1 5)x.
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Figure 1-6: Photoluminescence spectra of hydride terminated SiNCs using various etching times.

Reproduced with permission from Chem. Mater., 2006, 18, 6139-6146 (reference 112).

Further investigation of the effect of increasing the annealing temperature to 1200 and 1300
°C yielded spherical SiNCs with sizes of 6 and 9 nm, respectively.>® More recently, it was

observed that longer processing times could lead to a variety of non-spherical shapes of SiNCs

15



including cubes''® and hexagonal and truncated trigonal prisms (Figure 1-7).!'4 It is believed that
at higher temperatures, the integrity of the SiO, matrix is compromised as a result of softening and

more rapid diffusion of Si atoms promotes particle growth and shape evolution.!''*

Figure 1-7: Transmission Electron Microscope images of SiNC cubes. Adapted with permission

from J. Amer. Chem. Soc., 2012, 134, 13958-13961 (reference 113).

1.4 Surface Passivation of SiNCs

The SiNC synthetic procedures described in Section 1.3 often yield SiNCs with hydride or
halogen surfaces. Unfortunately, these surfaces are not stable in the presence of oxygen, and can
result in the optical properties being compromised.!!>!'® While other QD luminescence properties
are typically stabilized by the addition of a lattice-matching, wide-band-gap shell to coat the core
QD (i.e., core-shell structures),'!”!"” these methods are not readily available for SINCs. Another
drawback of the as prepared surfaces, is the lack of dispersibility in common solvents which could
hinder their use in applications. Ligand exchange is the most highly used approach for the surface

modification in QD systems.!?!?* However, examples of ligand exchange on SiNCs are limited
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and are in the early stages of development.'?>!2° [t has also been predicted that the increase of the
surface area to volume ratio of NCs could lead to the surface chemistry having an effect on the
optical band gap of the material.'>”'?® Furthermore, various surface linkages could result in
changes in photoluminescence which are size-independent, and do not necessarily follow the
quantum confinement model described above.’®!2>13% Therefore, there is a need to explore various
synthetic approaches to tailor the surface chemistry of SiNCs. The most common approaches
involve the functionalization of SiNCs directly with organic ligands and result in robust covalent

63,93

linkages. Many relevant reviews have been written discussing silicon surface

modification.626393:13L132 Tt can be seen that many approaches to functionalize SiNCs have been

drawn from molecular analogues,'** as well as bulk and porous silicon,'*!

however, it is important
to note that this does not mean all methods are transferable to SiNCs.!3*!13% This section briefly

describes common surface passivation methods and the resulting effects on the luminescence of

SiNCs.

1.4.1 Silicon Hydride Surfaces
1.4.1.1 Hydrosilylation

The most widely implemented approach to surface passivation on H-SiNCs is
hydrosilylation. Hydrosilylation is the addition of an unsaturated bond (i.e., double or triple bonds)
into the silicon-hydride (Si-H) group. Hydrosilylation was first shown on bulk hydride terminated
silicon surfaces, Si (111) and Si (100), by Lindford and Chidsey from the pyrolysis of diacyl
peroxides.!*¢ Since then, several researchers explored hydrosilylation on bulk, porous and SiNC
surfaces. Numerous hydrosilylation methods (Scheme 1-5) have been shown for silicon surfaces

including thermal,’3”'3®  photochemical/light,'°"!13%14>  radical initiators,'**!3*  catalytic
g p g
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84,151-154 155,156

treatments, and plasmons. Thermal hydrosilylation on silicon surfaces is well-

knOWﬂ,131’157

and in the case of SiNCs, is particle size-independent; however, this method requires
high temperatures (greater than 140 °C).%> Also, this method can generate surface bonded

oligomers that may hinder some applications such as sensing (discussed in Section 1.5.1.1).!3% UV

140,141,159,160 t143,161

irradiation and white ligh are also capable to cause hydrosilylation on bulk and
porous silicon. Again, photochemical processes involving the use of UV light has also been shown
to achieve hydrosilylation on SiNCs allowing for the use of lower boiling point ligands.
Unfortunately, this method is size-dependent and takes longer for larger sized SiNCs.!4%144
Thermally activated radical initiators, such as diacyl peroxides discussed above,'*® have also been
used for SiNCs functionalization and were shown to lead to the formation of monolayer surfaces,
are size-independent, and can proceed at lower temperatures than thermal hydrosilylation (65 -
100 °C) depending on the initiator used.'**!**!% Drawing on the work of Buriak on hydride
terminated porous silicon,'*® diazonium salts have also been shown to induce hydrosilylation on
SiNCs, and these reactions proceed at room temperature.'*” Chloroplatonic acid (H,PtC1)**!5* and
the Lewis Acid, BH3-THF,">? were employed as catalysts to induce hydrosilylation on H-SiNC
surfaces. Unfortunately, removing residual chloroplatonic acid from SiNC surfaces is difficult
and the procedure can compromise the material properties (e.g., quench or alter the

162,163

photoluminescence).!”>  Again, the use of platinum complexes and Lewis Acids (e.g.,

EtAICIL2)"! have been shown to achieve hydrosilylation on bulk and porous silicon surfaces.

18



=
HO | H z ﬁ R /l ﬁ R
S AR o =R R\ Y S
H— Si —H > Si or 3
/ I\ heat, UV, radical initiator, Py : _\—R o i —\\_R
H | H or catalyst R H 7 = H ?
" /
=
R R R

Scheme 1-5: Reaction scheme of possible hydrosilylation methods used for SiNCs.

The mechanism of hydrosilylation on silicon surfaces is still under investigation and was
recently reviewed.!*? Depending on the method of initiation employed, a variety of possible

141,159,164,165

mechanisms have been proposed and include: Si-H homolytic cleavage, exciton

7 In reactions involving

mediation,'® photoemission,'®® and radical assisted hydrosilylation.!
plasmons or excitons, a positive silicon surface charge is induced that allows for the direct addition
of the alkene/alkyne, and no radical is formed (Figure 1-8b).!3%!* Homolytic cleavage of the Si-
H bond to produce a surface silyl radical (Si-) and a hydrogen radical (H-), allowing for the free
radical reaction of the Si- and an alkene/alkyne to occur is one of the most generally accepted
hydrosilylation mechanisms occurring on the SiNC surface (Figure 1-8a).!3>!%® Recently, the
Neale group investigated the effects of thermal- and radical-initiated hydrosilylation on non-

thermal plasma synthesized SiNCs.!%

They proposed a new reaction mechanism in which
cleavage of the Si-SiH3 bond occurs via the abstraction of SiH3, leaving a Si- on the SiNC surface

that can then react with an alkene/alkyne.
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Figure 1-8: Proposed hydrosilylation mechanisms on the SiNC surface involving a) free radical
or b) exciton mediated in comparison to c¢) exciton-mediated hydrosilylation of bulk silicon
surfaces. Reproduced with permission from J. Am. Chem. Soc., 2011, 133, 9564-9571 (reference
144). Copyright 2011 American Chemical Society.

1.4.1.2 Chalcogenides

There has also been a recent increase in the functionalization of silicon surfaces with
chalcogenides (i.e., S, Se or Te). While initial studies of bulk silicon surfaces were performed in

169-171 other methods such as

Ultra High Vacuum (UHV) to achieve some of the surfaces,
thermal,!”?17® photochemical (UV'7"!7® and white light!”) and radical initiated'®® performed
outside UHV have emerged since the early 2000°s. Recently, Buriak et al. studied radical initiated

180 and thermal'’*) in efforts to achieve the formation of Si-S, Si-Se,

methods (i.e., diazonium salts
and Si-Te bonds onto the porous silicon surface. While the diazonium salt method resulted in Si-
S and Si-Se formation, it did not yield Si-Te bonds (due to low solubility).'®® Buriak’s follow up

study involved a rapid thermal treatment of H-terminated porous silicon with dialkyl or diaryl

dichalcogenides to successfully generate Si-S, Si-Se and Si-Te surface functionalization (Scheme
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1-6a).'"  Freestanding H-SiNCs were reacted with dodecanethiol via a thermally promoted

thiolation reaction by the Korgel group.'?® The reaction was deemed to be size-independent and

resulted in similar luminescence observations of alkyl passivated surfaces, however, the surface

was inclined to hydrolysis in the presence of moisture (Scheme 1-6b). Nevertheless, an advantage

of this lability was the performance of ligand exchange of the Si-S surfaces with alkenes by

thermally promoted hydrosilylation.
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Scheme 1-6: Schematics of a) porous silicon and dichalcogenides and c) H-SiNCs and

dodecanthiol. Adapted and reproduced with permission from ACS Appl. Mater. Interfaces, 2016,
8, 11091-11099 (reference 174) and Langmuir, 2015, 31, 6886-6893 (reference 125). Copyright

2015 and 2016 American Chemical Society.
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While the exact mechanisms of the above reactions are unknown, it has been postulated
the key step is the formation of a surface silyl radical,!’* that can occur through thermal'®!:18? or
photochemical'”® driven homolytic Si-H bond cleavage, Si-Si bond cleavage of Si-SiH3 species, '
or the removal of the surface hydride by chalcogenyl radicals.!#>!3%18¢ The presence of the silyl
radical can then further react directly with a thiyl radical or disulfide species (RS-SR) by Su2
addition.!™ Due to the possible induced electronic effects and lability of Si-S surfaces, alternative
methods of SiNC functionalization should be conducted. Detailed investigations into a method

using a commercial fluorescent light source as a mild alternative to passivate SINC surfaces with

Si-S are discussed in Chapter 3.
1.4.1.3. Other surface modification protocols.

While hydrosilylation is the most common surface modification approach for H-SiNCs,
other surface reactions have been reported (Scheme 1-7). Similar to porous silicon reactivity,'®®
Hoéhlein performed a two-step reaction at room temperature with alkyl- and aryl-organolithium
reagents with H-SiNCs to yield SiNCs with a mixed surface.'®® It was shown that all SiNCs
obtained from this method displayed red-orange luminescence except for those functionalized with
phenylacetylene, which were dramatically red-shifted.'®®!®” In another study by Hohlein,
diazonium salts were used to functionalize H-SiNCs with aryl groups by direct reductive grafting

147 again, similar to bulk or porous silicon surfaces.!**!3° However, the surface

of diazonium salts,
coverage of SiNCs was incomplete and was susceptible towards oxidation. Organosilane surface
modification was also shown to occur from H-SiNCs via the use of Wilkinson’s catalyst
(RhCI(PPhs)s, Ph = phenyl).!8® Again, this study is a variation of studies conducted on molecular

analogues,'® bulk, and porous silicon surfaces where dehydrogenative coupling was achieved by

Wilkinson’s catalyst,'*® zirconocene and titanocene catalysts.!”! Unfortunately, the luminescence
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of the SiNCs was quenched post reaction, possibly arising from trace Rh. A similar observation
on porous silicon was also detected when using Wilkinson’s catalyst.!” Furthermore, H-SiNCs

129.192 and phosphine oxides®®!*? to form Si-N

have also been shown to react with alkylamines
linkages (blue-emitting luminescence) or oxide coated (yellow-emitting luminescence) SiNCs,
respectively.!”? Interestingly, the reaction between H-SiNCs and CO; under high pressure caused
the formation of acetal surfaces on the SiNC and displayed blue-green luminescence.*® It has been
reported that PCls in the presence of a thermal radical initiator can be used to achieve cholorination
of hydride-terminated bulk silicon surfaces.!”*!** H-SiNCs can also react with PCls, Br», and I» to
generate Si-Cl, Si-Br, and Si-I halide SiNC surfaces at room temperature, respectively, in absence

0

of a radical initiator."*® These different surfaces are shown to have no luminescence after

halogenation.
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Scheme 1-7: Recent reactivity shown on hydride-SiNCs. Reproduced and adapted with
permissions from Angew. Chem. Int. Ed., 2016, 55, 2322-2339 (reference 93). Copyright 2016
Wiley-VCH.

1.4.2 Halogens and Oxide reactivity

As described above, Si-X (X = Br, CI, or I) SiNC surfaces can be generated either in situ
or from the modification of Si-H surfaces as described above. These active surfaces can then be
subsequently modified. The Si-Cl surfaces can be altered using LiAlH4 to achieve Si-H surfaces
and provide access to the Si-H chemistry described in Section 1.4.1.°° It was shown that Si-Cl
surfaces can also be modified through the use of Grignard reagent or alkyl lithium to achieve alkyl
terminated surfaces and blue-emitting photoluminescence (Scheme 1-8).87%%! Grignard reagents

could also be used for the addition of alkyl groups onto Si-Br and Si-I SiNC surfaces, and resulted
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in red- and yellow-emitting SiNCs, respectively.'*® Again, similar reactivity has been previously
reported for bulk silicon surfaces.!”>!** Furthermore, Zhai et al. demonstrated the use of Si-Cl
SiNC surfaces for the attachment of sugars and amino acids through an initial thermal reaction to
create water soluble SiNCs.!> Further modification of Si-Cl SiNCs was observed by Kauzlarich
et al. when methanol and water exposure generated methoxy SiNC surfaces.'?” A subsequent
reaction with an alkyl trichlorosilane, generated a cross-linked siloxane surface (Scheme 1-8).
Further controlled oxidation of SiNCs have also been reported.!?%!!1:196.197 For example, Si-Br

surfaces were also shown to be reactive with alcohols to create methoxy SiNCs. !’

OMe OH
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MeOH RSICl;
RLi or RMgX ¢l i ¢l g
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Scheme 1-8: Various surface modifications on chlorinated SiNC surfaces. Reproduced and
adapted from Chem. Comm., 2006, 4160-4168 (reference 62). Copyright 2006 Royal Society of
Chemistry.
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1.4.3 Surface Passivation Effects on the Optical Properties of SiNCs

One of the advantageous/attractive properties of SiNCs is luminescence. As discussed
above, the photoluminescence of SiNCs has been tuned across the visible spectrum by exploiting

surface passivation. %!

Not surprisingly, surface oxides and their influence on SiNC
luminescence is one of the most studied families of surface terminations.'”®?* Wolkin et al.
exposed SiNCs to oxygen and observed a red-shift of the luminescence; they proposed this
observation resulted from changes in SiNC size and the influence of a Si=O defect state.!”® For
smaller sized particles (d < 3 nm), it was believed that the electrons were trapped within a Si=O
defect state, while for larger particles (d > 3 nm), the luminescence is based on the band gap.
However, a molecular analogue of Si=O species analogous to a ketone has never been
demonstrated without substantial steric protection, and brings into question the existence of this
surface species. Further studies conducted by Kanemitsu et al. compared oxidized SiNCs to
Si@SiOs core-shell structures.””® They proposed the observed luminescence was occurring due to
a radiative recombination process that localized excitons at the interfacial layer between the Si
core and SiO: surface layer.

As mentioned above (Section 1.3), many solution-based methods to synthesize SiNCs
result in SiNCs that display blue photoluminescence. A detailed study conducted by Dasog et al.
compared the optical response of SiNCs prepared via high temperature methods and those prepared

via the most commonly employed solution-based methods.'?’

This study definitively
demonstrated that SiNCs that exhibited size-dependent photoluminescence would exhibit size-
independent luminescence if nitrogen and oxygen surface species were formed on its surface.

Dasog et al. went on to tailor the optical response of SiNCs by modifying surfaces with alkyl,

amine, phosphine, and acetal functional groups.’® Similarly, it was found that SiNCs generated
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from reactions originally using halogenated (Si-Cl, Si-Br, or Si-I) SiNC surfaces, also displayed
size-independent luminescence, and again this behavior has been attributed to surface-defect states

from the initial SiINC halide surface species.'*’

It has also been shown by the Goforth group, that
exposure of red luminescent (A = ~580 nm), alkyl SiNCs to alcohols resulted in the
photoluminescence to be converted to blue (A =~450 nm).?%* It was proposed the conversion from
red to blue luminescence occurs from dangling bond defect passivation by small alcohol
molecules.

More recently, the effects of the electronic structure of surface groups on the optical
properties of SiNCs have been explored.!®”!® Wang and coworkers tuned the emission of SiNCs

by varying the degree of conjugation in a series of carbazoles.!'?®

The authors propose that
differences in conjugation created unique surface states that altered the band structure of the
SiNCs.  As previously mentioned in Section 1.4.1.3, the observed luminescence of
phenylacetylene functionalized SiNCs via the use of organolithium reagents differed from those
of their hexyl- and phenyl-functionalized counterparts.'® Angi and coworkers further investigated
this observation, and determined through scanning tunneling microscopy that an in-gap state near
the conduction band edge was only observed for phenylacteylene functionalized SiNCs.'®” It has

been proposed that this in-gap state is the cause of the luminescence shift via relaxation across that

state.
1.5 SINC-based sensing platforms.

While there have been many studies using QDs as sensors, the majority used cadmium
(Cd)-based materials. Cd-based materials were considered the benchmark for all other types of
QDs due to their tunable fluorescence and high quantum yields (70 - 80%).2* Other advantages

of using Cd QDs are they have established synthetic and surface modification protocols and are
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commercially available.?®® These QD sensors have been used to detect heavy metal ions, small
molecules, explosives, pH, oxygen and others.?’21° However, using Cd-based QDs is undesirable
due to the possible release of toxic Cd*" ions.?!! This toxicity is the reason heavy metals such as
Cd are regulated in the European Union (European Union Directive 2011/65/EU) and other
jurisdictions.?!® These regulations could limit the application of Cd-based systems, hence there is
a need develop and implement alternative sensing systems.

One alternative to toxic metal-based QDs, is SiNCs. The observed photoluminescence,
tunable structure, and surface group modification of porous silicon led researchers to investigate
porous silicon for its sensing abilities.****!2 It may be possible for researchers to extend the field
of porous silicon sensors to the development of luminescent SiNCs sensors. With the recent
developments in SiINC synthesis and surface modification as mentioned above, these materials are
becoming more widely used in sensing applications. This section outlines general sensing
mechanisms and approaches that employ QDs, and then extends discussion to specific examples

of SiNC-based sensors.
1.5.1 Representative Quantum Dot Based Sensing Mechanisms

The use of QDs as sensors is mainly based on their optical properties. As mentioned in
Section 1.1, the photoexcitation of QDs induces the transfer of valence band electrons to the
conduction band and results in an electron-hole pair (exciton). The recombination of the electron-
hole pair generates luminescence that can then be used for sensing applications based on different
mechanisms. There are three main methods (Figure 1-9) in which QDs are used for sensing
applications: (1) electron transfer (ET), (2) fluorescence resonance energy transfer (FRET), and
(3) photocurrent generation.*? The following sections will summarize these main concepts; a more
15,32,213

detailed discussion is beyond the scope of this thesis and can be found elsewhere.
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Figure 1-9: Representation of different QD-based sensing designs: (a) electron transfer, ET, (b)
FRET, or (c) photocurrent generation as readout signals. The green, blue, red, and grey structures
on the QD represent different surface groups. Reproduced and modified with permission from
ACS Appl. Mater. Interfaces, 2013, 5, 2815-2834 (reference 32). Copyright 2013 American
Chemical Society.

1.5.1.1 Electron transfer

Electron transfer (Figure 1-9a) is a phenomenon that is frequently employed in QD sensors.
This process involves a disruption in the recombination of the electron-hole pair resulting in a
quenching of the QD photoluminescence. In order for electron transfer to occur, the energy levels
of the QD (i.e., conduction band edge, valence band edge) must be aligned appropriately. One
route sees an electron acceptor molecule with a lowest unoccupied molecular orbital (LUMO)
level at a lower energy than that of the conduction band edge of the QD donor (Figure 1-10a).!%-214
This condition allows for the transfer of the conduction band electron of the QD to the molecular
acceptor, preventing the recombination of the electron-hole pair, and quenching of the QD
luminescence. Alternatively, the molecule can act as the electron donor and the QD as the electron

acceptor. The highest occupied molecular orbital (HOMO) level of the electron donor is at a higher
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energy than the valence band edge of the QD allowing electron transfer from the molecule to the
valence band holes of the QD and quenching of the luminescence (Figure 1-10b).!>** It is
important to note that the electron transfer processes rely heavily on the redox properties of the
QDs and can be influenced by the presence of surface traps and surface charges.?!> The term static
quenching is often used to describe electron transfer and occurs during the lifetime of the excited

state. No changes in the absorption spectra should occur during static quenching.?!?

LUMO

A P Homo

*QD-A —> QD*--A" *QD---D —> QD™--D*

Figure 1-10: Pictorial representation of (a) electron transfer from a QD to an electron acceptor
(A), and (b) electron transfer from an electron donor (D) to a QD. Reproduced with permission
from Chem. Soc. Rev., 2015, 44, 4275-4289 (reference 214). Copyright 2015 Royal Society of
Chemistry.

1.5.1.2 Fluorescence Resonance Energy Transfer (FRET)

Fluorescence resonance energy transfer (FRET) is a non-radiative energy transfer
involving dipole-dipole interactions between an excited state donor to a ground state acceptor that
operates at larger distances than electron transfer (Figure 1-11).3>?!3 The efficiency at which
FRET occurs depends on the spectral overlap between the donor emission and the acceptor

absorption, photoluminescent quantum yield of the donor, the orientation of the dipoles between
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donor and acceptor, and the spatial separation of the donor-acceptor pair.?®® Distance is

particularly important in this phenomenon, as FRET only occurs when the donor and acceptor are
within 2-8 nm of each other.>> QDs are good candidates for FRET-based sensing due to their
photostability, narrow and adjustable emission, and wide range of excitation wavelengths.32%
This process is a form of dynamic quenching, does not involve the lifetime of the excited
state, and forms a non-fluorescent, ground-state complex between the luminescent material and

213 When this complex absorbs light, it immediately returns to the ground state without

quencher.
the emission of a photon, and can be observed by measuring the absorption spectra. Since the
resulting complexes of dynamic quenching are non-fluorescent, the only observed fluorescence

that may still remain in the system is from uncomplexed, fluorescent materials.?'?
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Figure 1-11: Pictorial representation of fluorescence resonance energy transfer (FRET) (a) from
a photoexcited QD to a molecular energy acceptor (A), and (b) from a photoexcited molecular
energy donor (D) to a QD. Reproduced with permission from Chem. Soc. Rev., 2015, 44, 4275-
4289 (reference 214). Copyright 2015 Royal Society of Chemistry.

31



There are common methods used to create QD-based FRET sensors (Figure 1-12). In most
cases, the QD-molecule hybrids are designed such that the energy is transferred from the QD to
the molecule.?'* However, alternative scenarios exist. The most common examples are shown in
Figure 1-12. Figure 1-12a highlights a case in which the QD donor and the molecular acceptor are
both initially emitting, however, upon exposure to a target analyte, FRET between the QD donor
and the molecular acceptor no longer occurs, and no emission is observed from either the QD or
the molecular acceptor. Another scenario sees an analyte facilitate binding between a QD and an
acceptor leading to FRET from the QD to the molecular acceptor and the quenching of QD
luminescence (Figure 1-12b). In contrast, it is also possible to have an analyte bind to the acceptor
molecule and facilitate FRET which leads to the quenching of the QD and the emission turn-on of
the acceptor molecule (Figure 1-12¢). Finally, in another sensing approach the analyte induces
spatial separation between the QD donor and the molecular acceptor, preventing FRET from

occurring and resulting in the appearance of QD luminescence (Figure 1-12d).
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Figure 1-12: Representation of the four different sensing strategies using FRET. Reproduced with
permission from J. Mater. Chem. C, 2014, 2, 595-613 (reference 208). Copyright 2014 Royal
Society of Chemistry.

1.5.1.3. Photocurrent Generation and Other Sensing Strategies

Not all QD sensors are based directly on luminescence measurements. The application of
QDs in photochemical sensors is also known, and involves the immobilization of QDs on an
electrode surface via a molecular linkage (Figure 1-13). Upon illumination, photoexcited

conduction-band electrons are injected from the QD to the electrode, generating photocurrents that
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may be monitored.?>*!3

These photocurrents are sensitive to the chemical environment
surrounding the QDs and can respond to different target analytes of varying concentrations. A

detailed description of this QD sensing strategy has been reviewed elsewhere.?!?

Figure 1-13: Representation of a QD-based photoelectrochemical sensor where QDs are
immobilized by a linker to an electrode, which is placed in a solution. Upon illumination a
photocurrent is generated and monitored after addition of a target analyte. Reproduced with
permission from ACS Appl. Mater. Interfaces, 2013, 5, 28002814 (reference 215). Copyright
2013 American Chemical Society.

Another QD-based method for sensing includes ratiometric sensors.?!® The ratiometric

sensor approach involves measuring changes in the ratios of fluorescence intensities at two

217

different wavelengths, before and after the addition of an analyte. This provides higher

208,218

sensitivity, selectivity and accuracy. Measuring the changes in two emission intensities

provides a correction for environmental interference and other non-target factors.?!”-?!

Finally, QDs are being used to develop multiplexed detection systems. These sensors can

detect multiple analytes in a single assay (parallel detection of different analytes).>*2° A multiplex
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system is desirable for many applications including point of care diagnostics and high-throughput
drug screening.??® These systems can be realized using QDs as they exhibit a wide excitation
spectrum in the UV range, allowing QDs with separate emissions to be excited simultaneously.*?
This is advantageous over organic dyes that require the excitation light source to be tuned into

33,221

their respective narrow absorption bands. Multiplex sensors using QDs have already been

developed for enzyme and heavy metal detection.?2%2?!
These aforementioned processes used for QD sensor development have been widely
explored for Cd-based systems. These concepts are now being successfully applied to SINCs. The

following sections will highlight examples of luminescent sensors developed with SiNCs and is

subdivided according to target analytes.
1.5.2 Examples of SiNC Sensors
1.5.2.1 High Energy Materials

The development of rapid, cost-effective, on-site sensing platforms for detecting
explosives is of great interest because of security, toxicity, and environmental concerns.?*>*?* The
luminescence of silicon-based nanosystems including porous silicon and agglomerated partially
oxidized SiNCs is known to be quenched by nitroaromatic compounds.?****> The Sailor group
demonstrated the luminescence of porous silicon quenched after the introduction of nitrobenzene
(NB), dinitrotoluene (DNT), trinitrotoluene (TNT) vapors in a flowing air stream.?’* The
quenching mechanism involved electron transfer from the nanocrystallites in the porous silicon
matrix to the nitroaromatic compounds (similarly to what was discussed above in Figure 1-10a).
This quenching was reversible only after short exposure times. However, longer exposure times

(i.e., times exceeding 5 min) of the porous silicon to the nitroaromatics, led to irreversible
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oxidation of the silicon-based donor. The limits of detection for DNT and TNT using this method
were 2 ppb and 1 ppb, respectively. Similarly, Germanenko and coworkers illustrated that the
luminescence of partially oxidized SiNCs was quenched by nitroaromatics (e.g., 3,5-
dinitrobenzonitrile, 1,4-dinitrobenzene, 2,4-dinitrotoluene, etc.) whose reduction potentials lie
below the conduction band edge of SiNCs.?® These studies provided the groundwork for
nanosilicon materials as a practical sensing platform for nitroaromatic based explosives.

Building on these early studies, we employed red luminescent, dodecyl functionalized
SiINCs in a paper-based sensor to detect nitroaromatics, nitroamines (e.g.,
cyclotrimethylenetrinitramine, RDX), and nitrate esters (e.g., pentaerythritol tetranitrate,
PETN).?*¢ The details of this study are discussed in Chapter 4. This paper-based sensor afforded
straight forward qualitative detection (Figure 1-14) and a DNT detection limit as low as 18.2 ng.
Consistent with the earlier work of Sailor and Germanenko, an electron transfer mechanism is
responsible for the luminescence quenching.

Subsequently, Ban and coworkers investigated blue luminescent SiNCs functionalized
with 3-aminopropylterminated surface groups using SiNCs for the detection of TNT in aqueous
solutions.??” The detection limit for TNT in aqueous solutions using this system was determined
to be 1 nM and the observed quenching was proposed to occur via FRET that is facilitated by
surface amine groups (Figure 1-15). The authors also evaluated this sensing platform for other
nitroaromatics (i.e., NB and DNT) as well as potential metal ion interferents (i.e., Cu**, Ca*", Zn*",
Pb**, Cd**, Ag", AI’", Fe**, and Fe*"). It was determined that the influence of metal ion

interference was negligible.
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Figure 1-14: A luminescent SINC paper-based sensor that quenches in the presence of high energy
molecules of TNT, PETN, and RDX. Reproduced with permission from Nanoscale, 2014, 6,
2608-2612 (reference 226). Copyright 2014 Royal Society of Chemistry.

Figure 1-15: The proposed FRET mechanism between TNT-amine complexes and SiNCs.
Reproduced with permission from Anal. Methods, 2015, 7, 1732-1737 (reference 227). Copyright
2015 Royal Society of Chemistry.

Further investigations using SiNCs as nitraromatic sensors have been performed by

Nguyen and coworkers.??®

In their study, three different surface groups (Figure 1-16a) were
evaluated: alkyl oligomer (red-emitting), alkyl monomer (red-emitting), and alkyl amine (blue-

emitting). From these investigations, it was determined that the alkyl monomer surface was more

responsive towards vapor-phased nitroaromatics than the oligomers (see Figure 1-16b). The
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authors proposed that an electron transfer quenching mechanism is responsible. Surprisingly, the
blue-emitting, amine terminated SiNCs were not as sensitive to nitroaromatic exposure as the red-
emitting alkyl particles or the previously reported blue-emitting SiNCs systems.??”’” These
observations may be the result of the amine groups being bonded to the surface of the SiNCs
instead of being at the terminus of the capping layer. This different bonding orientation would not

facilitate the formation of the Meisenheimer complexes necessary to promote FRET.
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Figure 1-16: a) SiNCs with different surface groups 1) alkyl oligomer, i1) alkyl monomer, and 1ii1)
alkyl amine. b) Change in the luminescence of alkyl monomer dodecyl functionalized SiNCs in
filter paper after exposure to varying concentrations of nitrobenzene (NB) vapor. Reproduced and
modified with permission from Nanotechnology, 2016, 27, 105501 (reference 228). Copyright
2016 IOP Publishing.

1.5.2.2 Metal Cations

Metal cations are a significant health concern. This is highlighted by the recent drinking
water conditions in the United States.?”” Therefore, it is important to develop methods with high

selectivity and low detection limits that are suitable for trace metal detection. The use of QDs as
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optical sensors for metal ions has been comprehensively reviewed elsewhere.2®2% However, an
outstanding question remains: is it appropriate to use toxic metal based sensors (e.g., CdSe QDs)
to detect toxic metals? Porous silicon has previously been used to develop electrochemical and
transducer sensors suggesting nanocrystalline based systems could provide a useful alternative
sensing platform,23%->3!

Blue-emitting, amine terminated SiNCs have been used to detect mercuric ions.*> After
the introduction of Hg?" to a solution of SiNCs, the luminescence decreased with the increase of
Hg?" concentration (Figure 1-17) with a detection limit of 50 nM. The fluorescence was shown to
be recovered by the addition of chelating agents. The quenching mechanism was determined to

be a combination of both static and dynamic quenching. Blue-emitting SiNCs have also been

reported to show sensitivities toward the presence of Cu?* and Cr*" ions.?332%
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Figure 1-17: The effect of SINC luminescence by varying concentration of Hg?*. Reproduced
and modified with permission from Nanoscale, 2014, 6, 4096-4101 (reference 232). Copyright
2014 Royal Society of Chemistry.
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1.5.2.3 Biologically Relevant Molecules

According to the World Health Organization, more than 150 million people worldwide are
affected by diabetes making glucose sensing essential.>*® There is a need for simple, reliable, and
cost-effective methods for glucose detection. Porous silicon has been employed in a variety of
biosensors including those detecting glucose.*>?!2237238 On the other hand, SiNCs have been less
extensively studied for this application. Yi and coworkers developed an indirect glucose sensor
by combining blue luminescent, hydride terminated SiNCs with glucose oxidase (GOx) and
phosphate buffered saline (PBS) buffer.?** The luminescence of this solution was stable in air for
6 h under ambient conditions. Adding glucose to the SiNC solution caused the GOx catalyzed
oxidation of glucose to produce both gluconic acid (C¢H1207) and H2O2. Once the H>O; contacts
the SINC surface, an electron transfer from the SINC conduction band to the active oxygen species
of the H2O» occurs (Figure 1-18). This electron transfer results in the quenching of the SINCs and
the production of H>O and O>. The resulting O> can then participate in the catalyzed reaction of
GOx, generating a cyclic electron-transfer mechanism upon glucose oxidation.?*?** The limit of
detection for glucose under optimal conditions (pH = 7.4, temperature = 40° C) was 0.68 uM. To
test the selectivity of the sensor, various metal ions, amino acids, and several glucose analogues
were investigated. The possible interferents, when present at concentrations of 20 times higher

than glucose, showed minimal effect on the sensor.
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Figure 1-18: Illustration of a SiNC-based glucose sensor. Reproduced and modified with
permission from Chem. Commun., 2013, 49, 612-614 (reference 239). Copyright 2013 Royal
Society of Chemistry.

Yao’s research group also developed another glucose sensor that was based on
colorometric analysis that exploits the intrinsic peroxidase-like activity of SiNCs.>*! The same
blue luminescent, hydride terminated SiNCs were employed, and were placed in a solution
containing GOx, 3,3°,5,5’-tetramethylbenzidine (TMB) and glucose. With H>O; as a product of
the catalytic oxidation of glucose by GOx, the SiNCs were oxidized and the H>O> decomposed
into active oxygen species. This resulted in the SINCs to become electrophilic and caused the
oxidation of the TMB; similarly, to how H>0- can oxidise the TMB in the presence of peroxidase.
The optimum temperature, time and pH were 35 °C, 30 min and 7, respectively with a limit of
detection of 0.05 uM/L.

Dopamine is an important neurotransmitter that plays a role in many brain functions.?#?
Detecting and quantifying it is vital, as excessive secretion of dopamine could lead to metabolism
failure while lack of dopamine can lead to Parkinson’s disease.?*>?** Fluorescent QDs have been
used to detect dopamine, however, the limit of detection was not sensitive enough to allow for
practical applications.?**¢ Zhang and co-workers employed blue luminescent, amine terminated
SiNCs for the selective detection of dopamine (Figure 1-19).2** The as synthesized SiNCs were

introduced into a PBS buffer solution, followed by the addition of dopamine solutions, and stirred

41



for 3 h prior to evaluation of the luminescence response. A linear relationship between the
concentration of dopamine and the quenching of SINC luminescence was observed. The limit of
detection for dopamine was determined to be 0.3 nM and the influence of possible interferents
(i.e., amino acids, peptides, proteins, metal ions, etc.), was minimal. The authors propose FRET
as the primary quenching mechanism based on the overlap of the emission spectrum of the SiNCs
and the absorption spectrum of the dopamine. This allows for an energy transfer from the excited
state SiINCs to the oxidized dopamine molecules. The authors also note the possibility of an
electron transfer between the SiNCs (donor) and dopamine (acceptor) that could also be

contributing to luminescence quenching.
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Figure 1-19: The proposed luminescence quenching mechanism of SiNC by dopamine.
Reproduced with permission from Anal. Chem., 2015, 87, 3360-3365 (reference 244). Copyright
2015 American Chemical Society.
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Vapor and gas sensors are important today for homes and industrial use. In particular, high
selectivity alcohol detection is of paramount importance for industry (i.e., biomedical, chemical,
and food) and breath analysis.?*” Multiple papers have been published incorporating porous silicon
into devices for ethanol sensing; it is reasonable that SINCs will also respond to ethanol vapors.2#¥-
230 Zhang and coworkers employed red luminescent SiNCs coupled to an optical fiber for the
detection of ethanol.”®! The optical fiber was dipped into a solution of hydride terminated SiNCs
and dried in ambient conditions. This procedure resulted in micron scale “clumps” of SiNCs on
the end facet of the fiber. Exposure of this structure to dry flowing O», water vapor, or ethanol
resulted in predictable changes in the SINCs luminescence (see Figure 1-20). The detection limit

of ethanol using these systems was found to be 380 ppm after 15 s of exposure time of the fiber to

the vapor. The detection limit for water was not reported.
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Figure 1-20: The integrated fluorescence intensity as a function time for a SiNC fiber sensor in

02, air, and air saturated with water, ethanol, or a 50% mixture of both. Reproduced with

permission from Sens. Actuators, B, 2013, 181, 523-528 (reference 251). Copyright 2013 Elsevier.

43



1.5.2.4 Antibiotics

The class of tetracycline antibiotics includes tetracycline (TC), a common antibiotic used
to treat bacterial infections and used in the agricultural sector as a food additive.?>??> Excessive

use of TC is not desirable as it can lead to resistance.>>*

In this context, monitoring TC
concentrations in food is vital. This leads to a demand for straightforward, rapid, and selective
detection methods. Amine functionalized porous silicon has been used in electrochemical
impedence sensors sensitive to TC.?>> These observations indicate that other nanocrystalline
silicon containing systems could be used to develop tetracycline sensing platforms.

Lin and Wang showed that the blue luminescence of amine terminated SiNCs can be
quenched in the presence of tetracycline (TC), oxytetracycline (OTC) and chlorotetracycline
(CTC).2" A solution containing SiNCs in PBS buffer was exposed to TC, OTC or CTC and
resulted in the quenching of the luminescence. The limits of detection for this method were
determined to be 25.9 nM, 20.4 nM, and 28.3 nM for TC, OTC, and CTC, respectively. There
was no measured change in the lifetime of the SiNCs after the addition of TC containing molecule
indicating the quenching occurred by the formation of a ground state complex. The authors
propose that the amine surface groups of the SiNCs interact with the tetracycline containing
molecules to form ground-state complexes (Figure 1-21). It is also important to note that there
was also overlap between the emissions of the SINCs with the absorption peak of TC that could
also contribute to quenching. However, the authors state that the shared emission, absorption
overlap was not significant enough to induce FRET; therefore, the dynamic quenching mechanism
is the dominate mechanism. To determine the applicability of the SINCs in real life applications,

the SINCs were applied to the analysis of milk samples. The proteins and lipids were removed
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from the milk samples prior to testing. After the titration of the SiNCs with the milk samples, the

luminescence intensity did decrease.
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Figure 1-21: The proposed mechanism of SiNC fluorescence quenching by TCs. Photo: SiNCs
excited by UV light at 365 nm before (left) and after (right) 10 mM of TC. Reproduced and
modified with permission from RSC Adv., 2015, 5, 27458-27463 (reference 219). Copyright 2013
Royal Society of Chemistry.

1.5.2.5 Pesticides

Pesticides are used all over the world in agriculture and can cause persistent contamination
in the environment and accumulation in the ecosystem.>>® Many pesticides contain carbamate and
organophosphate compounds that disrupt the cholinesterase enzymes used to regulate
acetylcholinesterase (AChE);>*7%8 this disruption can lead to respiratory paralysis and death.>>

Unfortunately, many methods used to detect these pesticides are expensive, require
sophisticated instrumentation and complex sample pretreatment, as well as highly skilled

259

professionals. Fluorescent QD sensors offer a comparatively simple detection method;

260,261

however, there are toxicity concerns when using heavy metal QDs. Alternatively, oxide-
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coated porous silicon sensors have been developed for pesticide sensing.?*>?%* These studies again
suggest SINCs could be used in a similar way.

The use of blue luminescent, hydride terminated SiNCs to sense pesticides has been
demonstrated.?>® SiNCs were first dispersed into a solution containing PBS buffer, acetylcholine
chloride (ACh), acetylcholinesterase (AChE), and choline oxidase (ChOx). The combination of
ACh and AChE yields choline that then reacted with ChOx to produce H>O>. The H>O> (which
contains an active oxygen species) present in solution can capture the conduction band electrons
of the SiNCs, prohibit the recombination of the electron-hole pair, and cause luminescence
quenching of the SINCs. Carbaryl, a carbamate family pesticide, was then added to the solution
and left for 15 min in the dark at 40 °C prior to luminescence analysis. The addition of carbaryl
caused the inhibition of AChE, disallowing the reaction between AChE and ChOx and a decrease
of H>O» production. With less H2O» present in solution, there is a decrease in the electron transfer
from the SiNCs to H>O3, and therefore an increase of the SiNC luminescence (Figure 1-22). The
authors determined the limits of detection of this method for the carbaryl-based pesticides carbaryl,
parathion, diazinon, and phorate to be 7.25 x 107, 3.25 x 10® 6.76 x 107%, and 1.9 x 107 g/L,

respectively.
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Figure 1-22: Mechanism of a SiNC based pesticide sensor. Reproduced and modified with
permission from Anal. Chem., 2013, 85, 11464—11470 (reference 259). Copyright 2013 American

Chemical Society.

1.5.2.6 Environmental and Biological pH

There has been an increase of interest in materials with pH-responsive optical properties
for the investigation of the environment, medicine, and biology.?** Many studies have shown that
QDs can be tailored for pH sensors; however, SiNCs have not been studied as thoroughly.?%3-268
Feng and coworkers developed a pH sensor using blue luminescent, amine terminated SiNCs for
water samples.’® The investigation employed solutions containing SiNCs in Britton-Robinson
(BR) buffer solution in the pH range of 2.01 to 11.02. It was determined that as the pH increased,
the luminescence of the SiNCs increased, with luminescence stabilization occurring at pH=7.77.

Also studied was the possible effect of interferents (i.e., K*, Cd**, Mg?*, Ca?", Mg?*, NOs", SO4%,

PO4*), which were shown to not have any significant interference effect on the SiNC sensing
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system. When tested with real life water samples with varying pH, the pH values calculated with
SiNCs were in close agreement with the actual pH values measured using a pH meter.

The above sections provided an overview of the different types of analytes that have been
investigated using SiNCs and are summarized in Table 1-1. The majority of the sensors have used

either amine or hydride terminated SiNCs with the main class of analytes being metal cations.
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Table 1-1: Overview of the SINC-based sensor systems discussed in Section 1.5.2.

Analyte class Analyte SiNC surface LOD* Ref.?
functionalization
High Energy Material DNT Alkyl oligomer 18.2 ng 226
(solid)
DNT Alkyl monolayer 6 ppb 228
(vapor)
TNT 3-aminopropyl 1 nM 227
Metal Cation Hg?* Amine terminated 50 nsM 232
Cu* Hydride 8 nM 233
Cu** Silica 0.5 uM 231
Ccr* PAMAM-OH¢ 2.7 uM 234
coating
Biologically Relevant Glucose Hydride 0.68 uM 239
Molecules
Hydride 0.05 uM 241
Dopamine Amine terminated 0.3 nM 244
Ethanol Hydride 380 ppm 251
Antibiotic Tetracycline Amine terminated  25.9 nM 219
Oxytetracycline 20.4 nM
Chlorotetracycline 28.3 nm
Pesticide Carbaryl Hydride 7.25x 107 259
g/L
Parathion 3.25x 10
g/L
Diazinon 6.76 x 108
g/L
Phorate 1.9 x 107
g/L
pH pH Amine terminated  pH range 269
2.01-7.7

¢LOD means limit of detection. # Ref. means reference number cited in the main text.
¢ PAMAM-OH is abbreviation for hydroxyl poly(amidoamine) dendrimer, 5™ generation.
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1.6 Thesis outline

This thesis focuses on the surface functionalization of SiNCs and the development of a
series of sensor platforms based upon them. The use of radical based functionalization methods
for the functionalization of SiNCs is described in Chapters 2 and 3. The method of hydrosilylation
of SiNCs via thermal radical initiators, 2,2'-azobis(2-methylpropionitrile) and benzoyl peroxide,
is evaluated for functional group tolerance and the possible reaction mechanism from which it
proceeds is investigated in Chapter 2. Chapter 3 explores the functionalization of SiNCs with
lipoic acid or dibutyl disulfide via the use of a commercial fluorescent light source for the
generation of thiyl radicals.

Chapters 4 and 5 describe the integration of SiNCs into paper or polydimethylsiloxane
solid substrates and subsequent use as sensing platforms. The investigation of a SiNCs paper-
based sensor for the detection of higher energy compounds (i.e., nitroaromatics, nitroamine, and
nitrate esters) is discussed in Chapter 4. Chapter 5 explores the use of SiNCs for the detection of
solution and vapor phase biogenic amines (i.e., putrescene, spermidine and cadaverine) for the
development of food spoilage sensors.

Finally, Chapter 6 provides a brief summary of the results outlined in Chapters 2-5 and
delivers an outlook for future research directions related to surface functionalization methods and

Sensors.
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Chapter 2
Radical Initiated Hydrosilylation on Silicon

Nanocrystal Surfaces: An evaluation of functional
group tolerance and mechanistic study.’

2 A version of this chapter has been published:

Yang, Z.; Gonzalez, C. M.; Purkait, T. K.; Igbal, M.; Meldrum, A.; Veinot, J. G. C. Langmuir
2015, 317, 10540-10548.

Zhenyu Yang and Christina M. Gonzalez have made equal contribution to the published paper.
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2.1 Introduction

Nanomaterials like silicon nanocrystals (SiNCs) have attracted much attention because of
their unique optoelectronic and chemical properties.*® Silicon is particularly appealing because it
is abundant in the Earth’s crust, low in toxicity, and SiNCs exhibit size as well as surface-

chemistry-dependent photoluminescence (PL).>%*36270271" prototype applications of SiNCs

272,273 41,226,259 275,276

include solar cells, light-emitting diodes,>’* sensors, bioimaging, and

batteries.”’”?’® As is the case for all nanomaterials and their applications, developing versatile
methods for tailoring particle surface chemistry is of paramount importance.>®

The most common approach for modifying SiNC surfaces are all derivatives of
hydrosilylation.®*!3227®  This class of reactions adds a Si—H bond across an unsaturated (i.e.,
double or triple) C—C bond. Thermally activated hydrosilylation is widely employed because it
proceeds regardless of particle dimension and there is no need for catalysts that can compromise
material properties/purity (vide infra).!'>137138181  While a few exceptional cases exist, 288!
thermal hydrosilylation has a high temperature requirement (upwards of 140 °C) necessary for
homolytic cleavage of the Si—H. Another important shortcoming of thermally activated
hydrosilylation, is the formation of SiNC surface bonded ligand oligomers that could limit future
applications. '

At first inspection, photo-initiated hydrosilylation provides a viable alternative that
addresses many of these challenges; it proceeds at room temperature, does not require catalysts,
and provides monolayer passivation. Unfortunately, this reaction is size-dependent;'** larger
SiNCs (i.e., d > 6 nm) are not effectively functionalized. This alone limits the general applicability

of this approach. Drawing from molecular silane chemistry, transition metal-catalyzed

hydrosilylation has been explored; regrettably these catalysts can be costly, difficult to remove,
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and compromise SiNC optical properties.!’*!?° Recently, our group reported room-temperature
SiNC surface hydrosilylation using borane reagents and diazonium salts, however, functional
group tolerance has not been thoroughly investigated.!#’!>? Catalyst-free, room-temperature
hydrosilylation of w-ester- (i.e., alkene—COOR) and w-acid-terminated alkenes (i.e., alkene—
COOH) have been reported;* this method was recently extended to controlled SiNC passivation
with styrene monolayers.%3

Radical initiators, such as 2,2'-azobis(2-methylpropionitrile) (AIBN) and peroxides
promote hydrosilylation on bulk silicon surfaces.!*¢2%*?%5 Linford and Chidsey proposed radicals
produced from the thermal decomposition of diacyl peroxides in the presence of hydride
terminated bulk silicon (i.e., Si(111) and Si(100)), cause homolytic cleavage of Si-H by hydride
abstraction, to promote insertion of an alkene.'*®!8! Moran and Carter also applied this general
approach to graft polymers onto bulk Si (100) surfaces, however they reported the AIBN-derived
radicals were not responsible for the corresponding reaction.”®* Nelles et al. also provided a brief
report on radical initiated functionalization of freestanding SiNCs, however, experimental
conditions and mechanistic details were scarce.!*® Clearly, radical initiated surface modification
of SiNCs holds promise and would benefit from a systematic study. The following discussion
describes an investigation of the effectiveness of two commercially available thermally activated
radical initiators (i.e., AIBN and benzoyl peroxide (BP)) in promoting hydrosilylation reactions
on the surfaces of SiNCs. All SiNCs were comprehensively characterized using electron
microscopy, X-ray photoelectron spectroscopy, 'H NMR, nanostructure-assisted laser
desorption/ionization mass spectrometry (NALDI-MS), optical spectroscopy (i.e.,

photoluminescence and FT-IR), as well as thermogravimetric analysis (TGA).
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2.2 Experimental

2.2.1 Reagents and Materials

Commercial hydrogen silsesquioxane (HSQ, trade name Fox-17) was purchased from Dow
Corning Corporation (Midland, MI). Electronics grade hydrofluoric acid (HF, 49% aqueous
solution) was purchased from J.T. Baker. Reagent grade methanol, ethanol, 1-dodecene (95%),
styrene (99%), methyl-10-undecenoate (96%), 4-pentenoic acid (97%), phenylacetylene (98%),
hexene (97%), octyne (98%), 2,2'-azobis(2-methylpropionitrile) (AIBN, 98%), benzoyl peroxide
(98%), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 98%) were purchased from Sigma-Aldrich
and used as received. Reagent grade toluene (Sigma Aldrich) was dried over molecular sieves
(4A) prior to use. All ligands were purified by passing over neutral alumina to remove inhibitors

immediately prior to use.

2.2.2 Material Characterization and Instrumentation

Fourier Transform Infrared Spectroscopy (FT-IR) was performed using a Nicolet Magna
750 IR spectrophotometer by drop-coating a toluene dispersion of SiNCs. X-ray photoelectron
spectroscopy (XPS) measurements were obtained using a Kratos Axis Ultra X-ray photoelectron
spectrometer operated in energy spectrum mode at 210 W. XPS samples were prepared as a film
drop-cast from SiNC toluene dispersion onto a copper foil substrate. Spectra were fitted using
CasaXPS (VAMAS) software and were calibrated to the lowest binding energy component of the
C Is emission at 284.8 eV. Transmission electron microscopy (TEM) was performed on a JEOL-
2010 (LaBg filament) electron microscope with an accelerating voltage of 200 keV using samples
of SiNCs drop-cast onto a holey carbon coated copper grid (300 mesh, Electron Microscopy

Science). High-resolution (HR) TEM images were obtained from Hitachi-9500 electron
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microscope with an accelerating voltage of 300 kV. The HRTEM images were processed using
Gatan Digital Micrograph software (Version 2.02.800.0).

Photoluminescence (PL) spectra were obtained using a Cary Eclipse spectrophotometer
(Aex=350 nm). PL lifetimes were acquired by illuminating a solution sample in a quartz cuvette
with an argon ion laser (476 nm, ~30 mW). The laser was modulated by an acousto-optic
modulator operating at 500 Hz. Emission from the SiNCs was channeled into a photomultiplier
(Hamamatsu H7422P-50) connected to a photon counting card (Becker-Hickl PMS-400A).
Lifetime decay data was fit to a stretched exponential function in Mathematica (Version 10) given
by y() = A[exp (-(t/z)’)] + C, where 4 is the initial intensity, 7 is the time decay (basic lifetime), S
is a stretching parameter that can vary between 0 and 1, and C is an offset, 286288

Nanostructured-assisted laser desorption/ionization mass spectroscopy (NALDI-MS)
spectra were obtained in the positive/negative reflection mode using a Bruker Daltonics
UltrafleXtreme MALDI TOF/TOF mass spectrometer. Samples were prepared by spotting 1 uLL
of sample solution onto a Bruker Daltonics NALDI target and air-dried. Electron ionization mass
spectroscopy (EI-MS) spectra were collected on a Kratos MS-50 (high resolution, electron impact
ionization). The samples were loaded by direct probe.

Nuclear magnetic resonance spectroscopy (NMR) spectra were obtained using a Varian
Unity INova Console 500 MHz NMR spectrometer. A concentrated (ca. 6 mg/mL) solution of
functionalized SiNCs in CD2Cl, was used to collect the "TH NMR spectra. The obtained FID files
were processed using Nuts NMR data processing software.

Thermogravimetric analysis (TGA) was performed using a Mettler Toledo Star TGA/DSC
system. Functionalized SiNC samples were placed in a Pt pan and heated in an Ar atmosphere

from 25 to 1000 °C at 10 °C/min.
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2.2.3 Preparation of oxide-embedded SiNCs (davg = ~3, 5, and 8 nm)

Oxide-embedded SiNCs were prepared using well-established procedures developed in our
laboratory.'!? Briefly, solid HSQ was placed in a quartz reaction boat, transferred to a tube furnace
and heated at 1100 °C in an argon atmosphere containing 5% hydrogen. This general procedure
affords an amber SiNC/SiO> composite containing 3 nm SiNCs that was subsequently crushed
using an agate mortar and pestle. To obtain larger NCs (i.e., davg = ~5 and 8 nm), ca. 0.5 g of the
SiNC/Si10, composite placed in a carbon boat, transferred to a high temperature furnace (Sentro
Tech Corp.) and heated in an argon atmosphere at 1200 °C (davg = 5 nm) or 1300 °C (davg = 8 nm)
for 1 h. After cooling to room temperature, the resulting composites were ground using a mortar
and pestle. All composites were shaken with high-purity silica beads using a Burrell Wrist Action

Shaker for 12 h.

2.2.4 Preparation of hydride-terminated SiNCs

SiNC/SiO2 composite (0.2 g) was transferred into a polyethylene terephthalate (PET)
beaker containing a Teflon coated stir bar. Ethanol (3 mL) and water (3 mL) were added and the
mixture was stirred to ensure uniform wetting; this procedure afforded a brown suspension.
Subsequently, a 49 % aqueous HF (3 mL) solution was added slowly with stirring. Caution: HF
is dangerous and requires appropriate handling procedures and personal protective equipment.
After 1 hour, the suspension changed appearance becoming orange/yellow. Hydrophobic hydride-
terminated SiNCs (H-SiNCs) were extracted from the ethanolic aqueous layer using 3 x ~10 mL
extractions into toluene. The resulting SINC toluene suspension was divided equally amongst test
tubes and centrifuged at 3000 rpm; the supernatant was decanted and the H-SiNC precipitate was

used immediately in functionalization procedures (vide infra).
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2.2.5 Radical initiated hydrosilylation of alkenes/alkynes by H-SiNCs

The H-SiNCs obtained from the etching procedure (vide supra) were redispersed into
toluene (ca. 20 mL) that had been pre-dried over molecular sieves (4A) and transferred to an oven-
dried (125 °C) 100 mL Schlenk flask equipped with a Teflon coated magnetic stir bar and attached
to an argon charged Schlenk line. The radical initiator (i.e., AIBN or BP; 0.061 mmol) and surface
ligand of choice (i.e., 1-dodecene, 1-octyne, 4-pentenoic acid, methyl-10-undecenoate, styrene and
phenylacetylene; 0.018 mol) were added to the flask and the reactant mixture was subjected to
three freeze-pump-thaw cycles. The reaction mixture was subsequently heated to and maintained
at 60 °C (AIBN) or 85 °C (BP) and stirred for 19 h to yield orange/yellow solutions.

Equal volumes (ca. 10 mL) of the orange/yellow solutions containing functionalized
nanoparticles were dispensed into centrifuge tubes. For alkyl terminated particles, 1:1
methanol:ethanol anti-solvent was added to achieve a total volume of 50 mL in each tube. This
procedure induced the formation of an orange precipitate that was isolated by centrifugation in a
high-speed centrifuge at 14000 rpm for 0.5 h. The supernatant was decanted and the particles were
redispersed in a minimal amount of toluene (ca. 2 mL) and re-precipitated upon addition of 1:1
methanol:ethanol. This solvent/anti-solvent purification process was repeated twice. Purification
of styrene-terminated SiNCs was achieved by implementing a variation of this method using 100%
ethanol as the anti-solvent. Purification of ester-terminated and carboxylic-terminated used
hexanes as the anti-solvent. Finally, the purified SiNCs were redispersed in dry toluene (pre-dried
over molecular sieves (4A)), filtered through a 0.45 um polytetrafluoroethylene (PTFE) syringe
filter, and stored in vials for further use. The resulting SiNCs were analyzed using FT-IR, TEM,

XPS, and PL.
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2.2.6 Thermal functionalization of H-SiNCs

The H-SiNCs obtained from the etching procedure (vide supra) were redispersed into ca.
20 mL of 1-dodecene, transferred into an oven-dried (125 °C) Schlenk flask equipped with a
Teflon coated magnetic stir bar, and attached to an argon charged Schlenk line. The flask was then
evacuated and backfilled with argon three times to remove air from the solution. The solution was
then heated to a temperature of 190 °C and was left stirring for 15 h resulting in a non-opalescent
orange/yellow solution. This SiNC solution was purified as described above for alkyl particles

and finally stored in a vial for TGA and ! H NMR analysis.

2.2.7 Reaction of TEMPO with SiNCs

H-SiNCs (25 mg) were re-dispersed in dry toluene (pre-dried over molecular sieves (4A))
and transferred to an oven-dried (125 °C) 100 mL Schlenk flask equipped with a Teflon coated
magnetic stir bar and attached to an argon charged Schlenk line. TEMPO (0.11 mmol) and the
initiator of choice (i.e., AIBN or BP; 0.061 mmol) were added and the reaction mixture was
subjected to three freeze-pump-thaw cycles. The cloudy reaction mixture was heated to, and
maintained at 60 °C (AIBN) or 85 °C (BP) under argon atmosphere for 19 h. The reaction mixture
remained cloudy with no color change consistent with negligible surface modification. No further

characterization was performed.

2.2.8 Reaction of dodecene with radical initiators

Dodecene (0.018 mol) was dissolved in dry toluene (20 mL, pre-dried over molecular
sieves (4A)) and the radical initiator of choice (i.e., AIBN or BP; 0.061 mmol) were added to an
oven-dried (125 °C) Schlenk flask equipped with a Teflon coated magnetic stir bar and attached

to an argon charged Schlenk line. The reaction mixture was then subjected to three freeze-pump-
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thaw cycles and subsequent heating to 60 °C (AIBN) or 85 °C (BP) for 19 h and yielded a colorless

solution. The resulting solution was analyzed using EI-MS.

2.2.9 Reaction of TEMPO and SiNCs in absence of radical initiators

H-SiNCs (25 mg) were re-dispersed in dry toluene (pre-dried over molecular sieves (4A))
and transferred to an oven-dried (125 °C) 100 mL Schlenk flask equipped with a Teflon coated
magnetic stir bar and attached to an argon charged Schlenk line. TEMPO (0.11 mmol) was added
and the reaction mixture was subjected to three freeze-pump-thaw cycles and subsequent heating
to 60 °C (AIBN) or 85 °C (BP) for 19 h. The particles were isolated by centrifugation, purified
using toluene as a solvent (5 mL) and methanol as the anti-solvent (40 mL). This procedure yielded
an orange precipitate that was isolated by centrifugation in a high-speed centrifuge at 14000 rpm
for 0.5 h. The supernatant was decanted and the particles were redispersed in a minimal amount
of toluene (ca. 5 mL, pre-dried over molecular sieves (4A)) and re-precipitated upon addition of
methanol (40 mL). This solvent/anti-solvent purification process was repeated twice. The

supernatant was discarded and the isolated solid was analyzed by FT-IR.

2.2.10 Evaluation of the influence of reaction time

H-SiNCs (25 mg) were re-dispersed in dry toluene (pre-dried over molecular sieves (4A))
and transferred to an oven-dried (125 °C) 100 mL Schlenk flask equipped with a Teflon coated
magnetic stir bar and attached to an argon charged Schlenk line. 1-Dodecene (0.018 mol) and the
radical initiator of choice (i.e., AIBN or BP; 0.061 mmol) were added and the reaction mixture
was subjected to three freeze-pump-thaw cycles. Subsequently the reaction mixture was heated to
60 °C (AIBN) or 85 °C (BP). Samples (2 mL) of the reaction mixture were extracted at intervals

of 1, 2, 3, 5, and 19 h after reaction temperature stabilization. Each sample was purified using the
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toluene/methanol solvent/anti-solvent procedure for alkyl functionalized SiNCs described above.

The nanocrystal products were evaluated using NALDI-MS.

2.2.11 Estimation of surface coverage

Surface coverages afforded by the present functionalization methods were evaluated for
dodecyl-functionalized SiNCs using a well-established literature procedure.!’! Briefly, a known
mass of dodecyl-functionalized SiNCs was dispersed in 1 mL CDCIls3 with 0.01% (v/v)
tetramethylsilane (TMS). The ratios of the integrated peak area arising from dodecyl methyl
protons (3 H) and the TMS protons (12 H) were determined from the '"H NMR spectra. Surface
coverage was also estimated from TGA traces assuming that the mass loss arises from the loss of
grafted organic ligands and that there is no increase in mass due to oxidation of SiNCs.!>* The
number of ligands per nanocrystal and surface coverage were estimated for a compact icosahedral
d = 3.5 nm SiNCs consisting of 1100 Si atoms and 300 surface Si atoms.?® A description of the

equations used for these calculations can be seen in the Appendix.

2.3 Results and Discussion

Well-defined H-SiNCs (d~3 nm) were obtained using an established procedure developed
in the Veinot Laboratory (Scheme 2.1).!'> The resulting H-SiNCs were then reacted with one of
two common thermally activated radical initiators (i.e., AIBN and BP) and a series of alkene or
alkyne terminated ligands (i.e., 1-dodecene, l-octyne, methyl-10-undecenoate, styrene and
phenylacetylene). Briefly, freshly prepared H-SiNCs were combined with the ligand and initiator
of choice in toluene under inert conditions (i.e., argon atmosphere), degassed, and heated to an
appropriate initiation temperature (i.e., AIBN, 60 °C; BP 85 °C). Reaction progress was

qualitatively evaluated by monitoring the reaction mixture transparency — past experience shows
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SiNCs bearing well-passivated surfaces afford transparent mixtures/solutions (see Figure 2-1). A
typical AIBN initiated reaction between H-SiNCs and dodecene became transparent after ca. 5 h.
Consistent with other functionalization procedures, we also note surface passivation renders the
NCs PL upon exposure to UV irradiation (Figure 2-1). Qualitatively, reactions initiated by BP
proceeded more quickly than those of the equivalent reaction using AIBN. The H-SiNC
suspension became transparent after 1 h of starting the reaction (Figure 2-1). It is reasonable that
this difference in reaction times arises because of the different half-lives of AIBN and BP; the half-
life of AIBN at 70° C and BP at 85° C in toluene are 4.8 and 1.4 h, respectively.?’® The shorter
half-life time for BP would suggest the generation of radicals from the initiator would occur at a
faster rate, allowing for hydrosilylation reactions using BP to progress at a faster rate. These
observations also suggest these radical driven surface reactions proceed more quickly than
analogous photochemical and thermal hydrosilylations on H-SiNCs, which require at least 15 h to

reach completion.'#+18!
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Visible uv

Figure 2-1: Photographs of suspensions/solutions of 3 nm hydride-terminated SiNCs/dodecene
mixture under visible light and UV light irradiation. (a, b) AIBN and (c, d) BP are used as radical
initiators. Samples were extracted from dispersions at predesigned reaction time (from left to right

in each image: 1, 2, 3, 5, and 19 h).

FT-IR spectroscopy is essential when investigating SiNC surface modification. The IR
spectra of functionalized SiNCs from the BP and AIBN initiated reactions are shown in Figure 2-
2 and Figure 2-3, respectively. A typical spectrum of H-SiNCs shows two distinctive strong
absorptions at ca. 2100 and 850 cm!; these are routinely attributed to Si—Hy (x = 1-3) stretching
and scissoring, respectively.?8%28! Following hydrosilylation, the intensities of these signals are
substantially reduced and features associated with new surface groups appear. For example,
reactions employing n-alkenes saw the appearance of C—H; stretching and bending in the 2850-
3000 cm ! and 1300-1450 cm ™! regions, respectively.”! Spectra acquired for n-alkyne-derivatized
SiNCs showed the absorption at 1600 cm™ and can be confidently assigned to C=C, as well as the
aliphatic C—H, stretching and bending at 2850-2930 and 1475-1365 cm’!, respectively. When
styrene and phenyl acetylene were used, the spectra included features characteristic of phenyl ring
C-H (3100-3000 cm™), C—C (1600-1585 cm™') moieties as well as phenyl ring overtones (2000-

1665 cm™).%%® For reactions involving methyl-10-undecenoate, the spectra showed the appearance
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of C=0 stretching (~1730 cm !).2822%2 The spectra of 4-pentenoic acid reacted SiNCs showed
features at 3400 cm™ and 1705 cm™ corresponding to —OH stretching and C=O groups,
respectively.””® In addition, the spectra of functionalized SiNCs also exhibited features at ~1130-
1000 cm™! (Si—O-Si stretching), ~2250 cm ™' (H,Si-O, backbonding), and at ~2100 cm ™' (Si-H

stretching), indicating incomplete surface coverage of the SiNCs 2%+

v(Si-H)  vAr(C=C)
V(Ar-H V(C-H)V(H,SI-0) | y(c=0) y 3(C-H) v(Si-0)

a

v V]

Transmittance (a. u.)
S
4

LA LR LA S N L DL B B — 71
3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000
Wavenumbers (cm'1)
Figure 2-2: FT-IR spectra of 3 nm SiNCs obtained from BP initiated reactions with indicated

surface functionalities: a) hydride, b) dodecene, ¢) octyne, d) methyl-10-undecenoate, e) pentenoic

acid, f) styrene, and g) phenylacetylene.
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Figure 2-3: FT-IR spectra of 3 nm SiNCs obtained from AIBN initiated reactions with indicated
surface functionalities: a) hydride, b) dodecene, c) octyne, d) methyl-10-undecenoate, €) pentenoic

acid, f) styrene, and g) phenylacetylene.

The surface coverage of the SiNCs obtained from radical initiated hydrosilylation can be
estimated using the '"H NMR and TGA analysis (Figures 2-4 and 2-5, Tables 2-1 and 2-2),101:152.28
"H NMR spectra of SiNCs functionalized with 1-dodecene in CDCl; (Figure 2-4) show resonances
from terminal methyl protons with a chemical shift at ca. 0.9 ppm and methylene chain protons in
the range of ca. 1.1 to 1.6 ppm. From the 'H NMR spectrum, a ratio of the integrated peak areas
of the surface organic groups to tetramethylsilane (TMS, an internal standard) provides an estimate
of percent surface coverage. Reactions involving 1-dodecene initiated by BP provide a slightly

higher surface coverage (64%) than those from the AIBN reaction (50%). The '"H NMR spectrum
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of ester functionalized SiNCs shows resonances at ca. 1.3, 1.6, 2.3 ppm for methylene protons and
at 3.6 ppm for ester methyl protons (Figure 2-5a). The spectrum of pentanoic acid functionalized
NCs shows broad low intensity signals at 1.3 and 1.5 ppm due to the limited solubility of the
product (Figure 2-5b). The limited solubility of the pentanoic acid SiNCs precluded reliable
surface coverage estimates from NMR data. Meaningful evaluation of surface coverage on styrene
and phenylacetylene functionalized NCs using NMR data was not possible because of precise
integration of the low intensity and broad resonance of aromatic protons is unreliable. Based on
these limitations of 'H NMR analyses, TGA was also employed to determine surface coverage
(see Table 2-2). n-Alkane functionalities provided the highest surface coverage (64%) of the
surfaces investigated here (33% for phenylacetylene, 34% for ester, and 42% for carboxylic acid).

The same surface coverage analysis of 'H NMR and TGA was also applied to thermal
hydrosilylation of SiNCs with 1-dodecene. From the 'H NMR spectrum (not shown), an intense
resonance of ligand protons was observed and resulted in a surface coverage of 223% (Table 2-1).
TGA analysis resulted in a high weight loss (83%) and showed a similar high surface coverage of
262% (Table 2-2). This is substantially higher than the coverage of SiNCs with 1-dodecene using
either AIBN or BP as radical initiators. This high surface coverage indicated the formation of

oligomers on the surface of the SiNCs. !>

66



TMS

CDCly  nitiator-AIBN

7 6 5 4 3 2 1 0
T™MS
CDCI
3 Initiator-BP b N
a *
J 6.70 oo
1 T T T | T T I T | T T I 1 | T T T T | T I 1 T | T T T I | T T T T | I I T T | T T
7 6 5 4 3 2 1 0
PPM
b
Thermal

Figure 2-4: '"H NMR spectra in CDCl; containing 0.01% (v/v) TMS of dodecyl-SiNCs obtained
from the indicated functionalization method showing integration of dodecyl methyl protons (3H)
to TMS protons (12 H). Dodecyl methyl protons and chain methylene protons denoted by a and b
respectively. Solvent impurities denoted by an asterisk (*).
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Figure 2-5: 'H NMR spectra in CDCI; containing 0.01% (v/v) TMS of a) methyl-10-undecenoate
and b) pentanoic acid functionalized SiNCs obtained from BP initiated functionalization. Solvent

impurities denoted by an asterisk (*).
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Table 2-1: Determination of surface coverage using 'H NMR.

Ligand/ Ligand Ligand to Moles of Moles of Number  %Surface
Initiator methylto  TMS mole ligand® Siatoms®  ofligands coverage
TMS Proton ratio per NC
ratio®
Dodecene/ 0.88 3.52 2.59E-06 2.00E-05 142 47
AIBN
Dodecene/ 1.01 4.06 2.98E-06 1.76E-05 186 62
BP

Dodecene/ 1.58 6.33 4.66E-06 7.67E-05 668 223
Thermal

Ester/ BP 0.73 2.93 2.15E-06 2.02E-05 117 39

S per 1 mg of functionalized SiNCs.

Table 2-2: Surface coverage metrics determined using TGA.

Ligand/ Initiator % % Mole of % Mole of  Number  %Surface coverage
Mass ligand Siatoms  of ligands
loss per NC
Dodecene/ AIBN 27.6 0.267 1.950 151 50
Dodecene/ BP 41.77 0.303 1.737 192 64
Dodecene/ 83 0.481 0.674 786 262
Thermal
Ester/ BP 40.0 0.199 2.127 103 34
Acid/ BP 29.0 0.289 2.517 127 42
Phenylacetylene/ 25 0.244 2.659 101 34
BP
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NALDI-MS is a powerful tool that gives insight into the nature of surface bonded groups;
it has been successfully applied to the evaluation of SiNC surface oligomerization.!*® Herein, we
employ NALDI-MS to interrogate the SiNC surface groups obtained from radical initiated
reactions. For convenience, 1-dodecene was chosen as the test case. Control samples,
containing only AIBN or BP initiator and ligands were prepared and treated using the identical
protocols, yet no mass signals corresponding to dodecene oligomers/polymers were observed
(Figures 2-5 and 2-6). To evaluate SINC modification, we performed a time-dependent study:
samples were extracted from SiNC dispersions at predetermined times (i.e., 1, 2, 3, 5, and 19 h),
purified, and evaluated. It is known that the Si—Si linkage is the weakest of the surface bonds
(i.e., Si—Si, 210-250 kJ mol!; Si—C, 369 kJ mol!; and C—C, 292-360 kJ mol™!), and will cleave
preferentially during NALDI analysis, therefore liberated groups are expected to include
differing numbers of silicon atoms.!*!!>¥ The fragmentation patterns of all samples are complex
and conclusive identification of individual signals is not possible (Figures 2-7, 2-8, 2-9, and 2-
10).1® Signals from samples highlighted in green can be assigned to peaks not associated with
the background signal or straightforward dodecene and dodecene oligomers. No mass fragments
associated with the dodecene monomer (i.e., m/z = 168.3) were detected, consistent with
effective sample purification. Also, no high molecular weight fragments separated by m/z =
168.3 corresponding to dodecene oligomers/polymers were detected suggesting
oligomers/polymers did not form. It was also interesting to note the differences seen in Figure 2-
9 is a NALDI-MS spectra obtained from dodecene functionalized SiNCs from the use of AIBN
while Figure 2-11 is NALDI-MS obtained from BP initiated reaction. However, the exact origin

of this difference is unknown.
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Figure 2-6: EI-MS taken after reaction of dodecene and AIBN. No dodecene oligomeric species

were detected.
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Figure 2-8: NALDI-MS spectra of 3 nm dodecyl-passivated SiNCs functionalized at different

predesigned reaction time using AIBN as reaction initiator: (a) background, (b) 1, (c) 2, (d) 3, (e)

5, and (f) 12 h in the range of 200-1500 m/z.
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Figure 2-9: NALDI-MS spectra of 3 nm dodecyl-passivated SiNCs functionalized at different

predesigned reaction time using AIBN as reaction initiator as: (a) background, (b) 1, (c) 2, (d) 3,

(e) 5, and (f) 12 h in the range of 475-825 m/z. Note: These spectra are a “zoom-in” of those

shown in Figure 2-8.
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Figure 2-10: NALDI-MS spectra of 3 nm dodecyl-passivated SiNCs functionalized at different

predesigned reaction time using BP as reaction initiator: (a) background, (b) 1, (¢) 2, (d) 3, (e) 5,

and (f) 12 h.
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Figure 2-11: NALDI-MS spectra of 3 nm dodecyl-passivated SiNCs functionalized at different
predesigned reaction time using BP as reaction initiator: (a) background, (b) 1, (c) 2, (d) 3, (e) 5,

and (f) 12 h. Note: These spectra are a “zoom-in” of those shown in Figure 2-10.
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Carter et al. demonstrated the formation of polystyrene brushes on bulk Si surfaces.?3
They suggested reactions involving bulk Si and AIBN led to solution-borne oligomers/polymers
that in turn attach to Si surfaces. To investigate if this same process occurs for the present
nanosystems, H-SiNCs were modified with styrene using both radical initiators (i.e., AIBN or BP)
and the resulting products were evaluated using NALDI-MS (Figure 2-12). No high molecular
weight fragments associated with styrene oligomers or polystyrene were detected (i.e., 60 or 85

°C) consistent with no oligomers attaching to the SINC surfaces.
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Figure 2-12: NALDI-MS spectra of 3 nm styrene-passivated SiNCs functionalized using (a)
AIBN or (b) BP as reaction initiator. Asterisks indicate background signals.

Insight into the oxidation of SiNC surfaces is available from XPS (Figures 2-13 and 2-14).
All spectra show the functionalized SiNCs contain only carbon, oxygen, and silicon at the
sensitivity limit of the method. For clarity only the Si 2ps32 components of spin-orbit coupling

pairs are shown. A dominant emission present at 99.3 eV in all the high resolution spectra is
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readily assigned to elemental silicon (i.e., Si (0)).!>® Other components between 100 and 102.5 eV
are routinely assigned to silicon suboxides (i.e., SiOx, 0 <x < 2) and functionalized silicon surfaces
with Si—C features.'>® The component at 103.4 eV (denoted as Si (IV)) is confidently attributed
to Si02.!%® SiNCs functionalized with aromatic groups showed higher Si (IV) content resulting
from less efficient surface passivation

Based on the results of the various surface analyses (i.e., FTIR, XPS, 'H NMR, and TGA),
the surfaces of the functionalized SiNCs achieved by radial initiated hydrosilylation are complex.
The determined ligand surface coverages are between 34-64% with the remaining SiNC surface

consisting of Si-Hx and SiOx species (see Figure 2-15).
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Figure 2-13: High-resolution XPS spectra of silicon (2p) signals for SiNCs passivated with
different ligands using BP as reaction initiator. Si (0), Si (I), Si (I1), Si (III), and Si (IV) are denoted
as (0), (I), (ID), (III), and (IV), respectively. Black curves and circles correspond to the original
data and fit spectra, respectively. Fitting results are shown for the Si 2p3» components. The Si

2p12 signals have been omitted for clarity.
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Figure 2-14: High-resolution XPS spectra of silicon (2p) signals for SiNCs passivated with
different ligands using AIBN as reaction initiator. Si (0), Si (I), Si (II), Si (III), and S1 (IV) are
denoted as (0), (1), (I1), (IIT), and (IV), respectively. Black curves and circles are correspondent to

original and fit spectra, respectively. Fitting results are shown for the Si 2p32 components. The
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Figure 2-15: Representative schematic highlighting the complexity of SiNC surfaces after
functionalization with an alkene or alkyne (denoted as R) via radical initiated hydrosilylation with

AIBN or BP.

All of the resulting functionalized 3 nm SiNCs display PL. Table 2-3 shows the
corresponding emission maxima of SiNCs functionalized with the various ligands. The maximum
emission lay between 630 and 737 nm. Also of note, there is a slight shift of PL maximum for
samples with styrene and phenylacetylene ligands. The radiative lifetimes of all samples were

evaluated and exhibited a stretched exponential decay described by the following equation:

t
y(t) = 4e"PF + ¢

Where 7 is the time decay, £ is the dispersion factor and C is the constant offset. Lifetime data are
summarized in Table 2-4 and were between 18-160 us, consistent with a band-gap based

emission.?%’

We also note that no excitation-wavelength-dependent emission was observed. The
differences in PL emission from the different samples could be due to the different degree of

surface oxidation (Figures 2-13 and 2-14) and slight particle size differences (Figure 2-17).
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Table 2-3: Wavelengths of PL maxima of 3 nm SiNCs functionalized with various ligands using

AIBN and BP as reaction initiators (unit: nm).

Initiator ~ l-octyne 1-dodecene  styrene phenyl- methyl-10- 4-pentenoic
acetylene acid
undecenoate
AIBN 729 696 633 652 737 696
BP 725 684 635 671 720 694

Table 2-4: Results of PL lifetime decay (t) of 3 nm SiNCs functionalized with various ligands

using AIBN and BP as reaction initiators (unit: ps).

Initiator l-octyne  1-dodecene  styrene phenyl- methyl-10- 4-pentenoic
acid
acetylene undecenoate
AIBN 155 115 86 151 142 18
BP 151 109 85 133 160 20

To investigate any size dependence, reactions were performed with dodecene and larger
H-SiNCs (davg = 5 and 8 nm). Identical reactivity was observed and FT-IR spectra (Figure 2-16)
indicate similar surface bonding information (e.g., surface group attachment and incomplete
surface coverage oxidation). The particle size and uniformity were evaluated using TEM and the
purified SiNCs exhibit similar diameters for each radical reaction (Figures 2-17 and 2-18).

Furthermore, PL showed a red-shift of the emission maximum with the increased particle size

(Figure 2-19).
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Figure 2-16: FT-IR spectra of a) 8 nm and b) 5 nm dodecyl-SiNCs functionalized using BP and

¢) 8 nm and d) 5 nm dodecyl-SiNCs functionalized using AIBN.
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Figure 2-17: Bright-field TEM and HRTEM images of dodecyl-passivated SiNCs of various sizes:

((a, d) 3 nm, (b, €) 5 nm and (c, f) 8 nm) functionalized using AIBN or BP as reaction initiator.
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Figure 2-19: Size-dependent PL spectra of dodecyl-functionalized SiNCs in toluene using (a)
AIBN or (b) BP as initiator. (Excitation wavelength used, A =476 nm.)

To investigate the mechanism of the present radical initiated reaction, we employed a
radical trap, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) that has been widely used to capture
dangling bonds on Si surfaces.?’*?® After stirring a mixture of TEMPO, 3 nm H-SiNC, ligands
and radical initiator at reaction temperature for 19 h the mixture remained cloudy and the color of
the mixture lightened from brown/orange to yellow; this suggests no hydrosilylation occurred
between ligands and silicon surface. Control reactions involving stirring H-SiNCs with only the
alkene or with the alkene and TEMPO for 12 h did not result in any change in the suspension color

or transparency. Finally, a reaction of only H-SiNCs with TEMPO and radical initiators (AIBN
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or BP) for 12 h provided a transparent red/yellow solution. The purified products recovered from
these reactions dissolved in toluene to yield pale yellow solutions that showed yellow
luminescence upon excitation at 365 nm UV irradiation. FT-IR analyses of these products (Figure
2-20) shows C—H, (2850-3000 cm™!) and Si—O (~1100 cm™!) stretching features and little evidence
of Si-H, signals (~2100 cm™) consistent with surface attachment of TEMPO onto the SiNCs.
From this, we conclude TEMPO is capturing surface radicals on SiNC surfaces and preventing
further reaction. This is similar to what was proposed for bulk system at high temperature.'®! In
this context, we propose the present reactions proceed via abstraction of a hydrogen radical by the
radical initiators (see Scheme 2-2) followed by reaction with solution borne species containing

unsaturated C—C bonds.
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Figure 2-20: FT-IR spectra of a) hydride-terminated SiNCs, b) TEMPO and c) TEMPO-capped
SiNCs using AIBN, and d) TEMPO-capped SiNCs using BP.
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Scheme 2-2: Mechanism of SiNC surface hydrosilylation driven by pyrolysis of radical initiators

as proposed previously by Linford and Chidsey. '8!

2.4 Conclusions

In this present study, SiNC surface hydrosilylation initiated by AIBN and BP were
investigated. Compared with other known SiNC surface passivation approaches (i.e., thermal and
photochemical initiated hydrosilylation), radical initiator driven hydrosilylation offers clear
advantages. The present reactions are particle size independent, accessible to terminal alkene and
alkyne functional groups, and can proceed under mild conditions and short reaction times (i.e., <
3 h). In addition, we have identified that radical initiated hydrosilylation on SiNCs provides
monolayer passivated surfaces. We also propose the reaction proceeds via a mechanism that
begins with abstraction of a surface hydride, which is similar to what has been reported on bulk
silicon systems. However, characterization of the surface by FTIR, XPS, 'H NMR and TGA
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indicate the resulting SiNCs were not 100% functionalized with organic moieties, leading to the
formation of a mixed surface on the SiNCs. Future work should be aimed at achieving more

complete passivation toward oxidation.
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Chapter 3
The formation of Si-S bonds on the Silicon

Nanocrystal Surface via a Commercial Fluorescent
Light Source.
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3.1 Introduction

299,300

Silicon is the primary semiconductor used in the electronics industry and is an

attractive material for application development as it is abundant’®! and low in toxicity.**%?
Furthermore, both porous and nanocrystalline silicon display unique photoluminescence properties
not observed for bulk silicon.’%6-302-3%  Freestanding silicon nanocrystals (SiNCs) have already
been used for the development of a variety of prototype materials including photovoltaics,®”-%
electronics,®® catalysis,** photonics,®> and sensors.”” In order to advance the incorporation of
SiNCs for applications, developing multipurpose techniques for the tailoring of the SiNC surface
is of the utmost importance. In doing so, desirable changes in both electronic and optical response,
stability (e.g., possibly resistance to oxidation), and solution-processability of SiNCs could be
realized.

The most common surface modification of SiNCs involves the hydrosilylation of hydride-
terminated SiNCs (H-SiNCs) surface with unsaturated C=C or C=0 bonds, !26-132,148,152,181,505-307
Despite the similarities in the reactivity of bulk and nanosilicon surfaces, important reactivity

144 and oligomerization.'>® Also of

differences are also observed, such as size dependent reactivity
interest, is the development of methods that could lead to alternative surfaces linkages (e.g., Si-
chalcogenides) that could influence the electronic structure of the NC. For example, Gergel-
Hackett and co-workers demonstrated that an alkythiol monolayer passivated bulk silicon surface
can be employed to design a complementary metal-oxide-semiconductor (CMOS) compatible
electronic device that demonstrated a significant reduction in barrier height during charge

transport.>®® In addition, ligand exchange using SiNCs with surfaces consisting of Si-S'?° and Si-

0'26 have been recently shown, with the Si-S being the more labile/reactive bond.
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As previously discussed in Section 1.4.1.2, the formation of Si-S surface bonds via solution
methods is still in its infancy.!?>!74180 Recently, Buriak and co-workers have demonstrated the
passivation of porous silicon with alkylthiols through the activation of dialkyl disulfides (i.e., RS-
SR) upon activation with diazonium-based radical initiator'®" or thermal initiation.!”* Korgel and
co-workers passivated the SiNCs surface with alkylthiols through thermal activation of
alkanethiols.!?> In both cases, the involvement of surface silyl radicals, have been considered the
primary driving force for the observed reactivity.

It is well known that the disulfide moiety of lipoic acid can be activated in the presence of
UV irradiation to produce thiyl radicals.’*® These radicals can lead to the formation of polylipoic
acid.’1%312 Polylipoic acid can further degrade under exposure to light, yielding a complex mixture
of oligomers and monomer.*!%311313 Recently, Mattousi and co-workers, exploited this reactivity
for the bidentate ligation of lipoic acid-based ligands onto CdSe-ZnS core-shell quantum dots
under UV or sunlight irradiation.>'*3!® Since the disulfide bond can be activated under very mild
conditions (i.e., sunlight) to produce thiyl radicals, we postulate that these radicals in the presence
of H-SiNCs, can abstract the hydrogen from the H-SiNC surface, to produce surface-based silyl
radicals. The surface silyl radicals can then combine to the free thiyl radicals to form alkylthiol
passivation on the SiNC surfaces.

For this study, a cyclic disulfide (lipoic acid, LA) and a linear disulfide (dibutyl disulfide,
DBDS) were investigated as model ligands in the functionalization of a series of SiNCs (d ~ 3, 6,

or 8§ nm). The reactions were promoted using a commercial fluorescence light source (18 W).
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3.2 Experimental

3.2.1 Reagents and Materials

Commercial hydrogen silsesquioxane (HSQ, trade name Fox-17) was purchased from Dow
Corning Corporation (Midland, MI). Electronics grade hydrofluoric acid (HF, 49% aqueous
solution) was purchased from J.T. Baker. Reagent grade (+)-a-lipoic acid (LA, >98%) and dibutyl
disulfide (DBDS, 97%) were purchased from Sigma-Aldrich. Dibutyl disulfide was dried over 3
A molecular sieves prior to use. Tetrahydrofuran (THF), hexanes, toluene, and acetonitrile

solvents were collected from Pure-Solv purification system prior to use.

3.2.2 Material Characterization and Instrumentation

Fourier Transform Infrared Spectroscopy (FT-IR) was completed using a Nicolet Magna
750 IR spectrophotometer by drop-coating a THF (for lipoic acid surface functionalized SiNCs,
LA-SiNCs) or toluene (for dibutyl disulfide surface functionalized SiNCs, DBDS-SiNCs)
dispersion of SiNCs. Transmission electron microscopy (TEM) was performed on a JEOL-2010
(LaBe filament) electron microscope with an accelerating voltage of 200 kV using samples of post
functionalized SiNCs drop-cast onto a holey carbon coated copper grid (300 mesh, Electron
Microscopy Science). High-resolution (HR) TEM images were obtained from a Hitachi-9500
electron microscope with an accelerating voltage of 300 kV. The HRTEM images were processed
using Gatan Digital Micrograph software (Version 2.02.800.0). X-ray photoelectron spectroscopy
(XPS) measurements were acquired using a Kratos Axis Ultra X-ray photoelectron spectrometer
operated in energy spectrum mode at 210 W. XPS samples were prepared inside a glove box as a
film drop-cast from a SINC THF or toluene dispersion onto a copper foil substrate and placed in

an air sensitive sample holder prior to acquisition. The resulting spectra were fitted using CasaXPS
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(VAMAS) software and were calibrated to the lowest binding energy component of the C 1s
emission at 284.8 eV.

Photoluminescence (PL) spectra of the SiNCs were obtained using a Cary Eclipse
spectrophotometer (Aex =350 nm). PL samples were prepared inside a glove box by transferring a
solution sample of SINC into an air sensitive quartz cuvette. PL lifetimes were collected by
illuminating the solution sample with an argon ion laser (476 nm, ~30 mW). The laser was
modulated by an acousto-optic modulator operating at 500 Hz. Emission from the SiNCs was
channeled into a photomultiplier (Hamamatsu H7422P-50) connected to a photon counting card
(Becker-Hickl PMS-400A). Lifetime decay data was fit to a stretched exponential function in
Mathematica (Version 10) given by y(f) = A[exp (-(¢/7)%)] + C, where 4 is the initial intensity, 7 is
the time decay (basic lifetime), f is a stretching parameter that can vary between 0 and 1, and C is
an offset.286-288

Nanostructured-assisted laser desorption/ionization mass spectroscopy (NALDI-MS)
spectra were obtained in the positive/negative reflection mode using a Bruker Daltonics
UltrafleXtreme NALDI TOF/TOF mass spectrometer. Samples were prepared by spotting 1 uL
of sample solution onto a Bruker Daltonics NALDI target and air-dried.

Proton nuclear magnetic resonance spectroscopy (!H NMR) solution samples were
prepared inside the glove box and sealed prior to data collection. "H NMR spectra were obtained
using a Varian Unity INova Console 500 MHz NMR spectrometer. A concentrated (ca. 6 mg/mL)
solution of LA-SiNCs or neat LA in CD,Cl> was used to collect the '"H NMR spectra. The resulting
FID files were processed using Nuts NMR data processing software.

Thermogravimetric analysis (TGA) samples of functionalized SiNCs in hexanes were kept

in the glove box prior to analysis. TGA was performed using a Mettler Toledo Star TGA/DSC
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system. LA- or DBDS-SiNC samples were placed in a Pt pan and heated in an Ar atmosphere
from 30 to 700 °C at 10 °C/min.

Dynamic Light Scattering (DLS) measurements were performed using a Malvern Zetasizer
Nano S equipped with a 633 nm laser. All samples were filtered using a 0.45 um PTFE syringe
filter and equilibrated to 25 °C prior to data acquisition. A refractive index of 1.460 was used for

all measurements with each measurement consisting of an average minimum of 10 scans.

3.2.3 Preparation of oxide-embedded SiNCs (dave =3, 5, and 8 nm)

Oxide-embedded SiNCs were prepared using well-established protocols developed in our
laboratory.!!? In brief, solid HSQ was put in a quartz reaction boat, placed into a tube furnace, and
heated at 1100 °C in a 95% argon/5% hydrogen atmosphere for 1 h. This process affords an amber
colored SiNC/SiO> composite containing 3 nm SiNCs that was then crushed using an agate mortar
and pestle. Larger NCs (i.e., dave = ~5 and 8 nm) were achieved by placing ca. 0.5 g of the
SiNC/Si02 composite in a carbon boat, transferred to a high temperature furnace (Sentro Tech
Corp.), and heated at 1200 °C (davg =5 nm) or 1300 °C (davg = 8 nm) for 1 h in an argon atmosphere.
The resulting composites were ground to a powder at room temperature using a mortar and pestle.
All composites were shaken with high-purity silica beads using a Burrell Wrist Action Shaker for

12 h.

3.2.3 Preparation of hydride-terminated SiNCs

To liberate SiNC from the oxide matrix, the SiINC/SiO> composite (0.2 g) was first
transferred into a polyethylene terephthalate (PET) beaker containing a Teflon coated stir bar with
100% Ethanol (2 mL) and water (2 mL) and stirred to ensure uniform wetting. Next, a 49%

aqueous HF (2 mL) solution was added slowly to the brown suspension while stirring. Caution:
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HF is dangerous and requires appropriate handling procedures and personal protective equipment.
Following ~1 h, the brown suspension changed appearance becoming orange/yellow.
Hydrophobic, hydride-terminated SiNCs (H-SiNCs) were extracted from the aqueous layer using
3 x ~10 mL extractions into toluene. The resulting SiNC/toluene suspension was divided equally
between test tubes and centrifuged at 3000 rpm; the supernatant was decanted and the H-SiNC

precipitate was used directly in functionalization procedures (vide infra).

3.2.4 Commercial fluorescent light induced functionalized of H-SiNCs

The H-SiNCs obtained from the etching procedure (vide supra) were redispersed in THF
(ca. 5 mL) that had been collected from the solvent system and transferred to an oven-dried (125
°C) 100 mL Schlenk flask equipped with a Teflon coated magnetic stir bar and attached to an argon
charged Schlenk line. Lipoic acid (LA, 1.2 mmol) or dibutyl disulfide (DBDS, 7.9 mmol) was
added to the flask and the reactant mixture was subjected to three freeze-pump-thaw cycles. The
reaction mixture was then placed in a water bath with a commercial compact fluorescent light
(Luminus, model P-17718NT, 18 W, color temperature 3500 K) and the assembly was covered
with foil. The emission spectrum is shown in Figure 3-1. The exposure times investigated
included 90 - 120 min, 90 - 150 min, and 24 - 36 h for reactions involving LA and 3, 6, and 8 nm
diameter SiNCs, respectively. For reactions using DBDS, the exposure times were 60 - 120 min
and 9 - 12 h for 3 and 6 nm diameter SiNCs, respectively. All reactions yielded orange/yellow
solutions.

After the predefined reaction time, the reaction flask was transferred into a nitrogen filled
glove box for purification. Equal volumes (ca. 5 mL) of the orange/yellow solutions containing
functionalized nanoparticles were dispensed into centrifuge tubes. For LA functionalized SiNCs

(LA-SiNCs), hexane (ca. 35 mL) was added as an anti-solvent to achieve a total volume of 40 mL
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in each tube. The tubes were capped and parafilmed prior to the removal of the samples from
the glovebox. This resulted in the generation of an orange precipitate that was isolated by
centrifugation in a high-speed centrifuge at 11000 rpm for 0.25 h. The centrifuge tube was returned
into the glove box, the supernatant was decanted, and the particles were re-dispersed in a minimal
amount of THF (ca. 2 mL) and re-precipitated upon addition of hexane (ca. 25 mL). This
solvent/anti-solvent purification process was repeated twice. Purification of DBDS functionalized
SiNCs (DBDS-SiNCs) was achieved by implementing a variation of this method using toluene
and acetonitrile as the solvent and anti-solvent, respectively. Finally, the purified SINCs were
redispersed in THF (LA-SiNCs) or toluene (DBDS-SiNCs), filtered through a 0.45 um
polytetrafluoroethylene (PTFE) syringe filter, and stored in vials in the glove box for further use.

The resulting SiNCs were analyzed using FT-IR, TEM, XPS, NMR, TGA, DLS and PL.
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Figure 3-1: Emission spectrum of compact fluorescent light source.
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3.2.5 Reaction of H-SiNCs with lipoic acid in the absence of heat and light

H-SiNCs (d = 3 nm, 25 mg) were dispersed in dry THF (taken from the solvent system)
and transferred to an oven-dried (125 °C) 100 mL Schlenk flask equipped with a Teflon coated
magnetic stir bar and attached to an argon charged Schlenk line. LA (1.2 mmol) was added to the
flask and the reactant mixture was subjected to three freeze-pump-thaw cycles. The reaction flask
was then covered in foil and stirred for 42 h. The reaction mixture remained cloudy with no
detectable color change. The reaction mixture was stored in a vial without purification and left on
the bench top and exposed to ambient light for 2 weeks. No further characterization was

performed.

3.2.6 Thermal reaction of H-SiNCs with lipoic acid

H-SiNCs (d = 3 nm, 25 mg) were re-dispersed in dry THF (obtained from the solvent
system) and transferred to an oven-dried (125 °C) 100 mL Schlenk flask equipped with a Teflon
coated magnetic stir bar and attached to an argon charged Schlenk line. LA (1.2 mmol) was added
to the flask and the reactant mixture was subjected to three freeze-pump-thaw cycles. The reaction
flask was then heated in an oil bath at 45 °C in the dark for 42 h. The reaction mixture remained
cloudy with no color change consistent with negligible surface modification. The reaction solution
was stored in a vial without purification and left on the bench top and exposed to ambient light for

2 weeks. No further characterization was performed.
3.2.7 Reaction of H-SiNCs with lipoic acid in the presence of trace water
H-SiNCs (25 mg) were re-dispersed in 5 mL of benzene and transferred to an oven-dried

(125 °C) 100 mL Schlenk flask equipped with a Teflon coated magnetic stir bar and attached to a

Schlenk line for freeze drying. The reaction solution was frozen using a liquid nitrogen charged
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dewar while under high vacuum. After the solution was frozen solid, the liquid nitrogen dewar
was removed and the flask was left under vacuum for 1 h. Then LA (1.2 mmol) was added to the
flask and the reactant mixture was subjected to three freeze-pump-thaw cycles. The reaction flask
was placed in a water bath and then exposed to fluorescent light for 2 h. There was no apparent
change in the solution mixture after 2 h, and water (150 puL) was added over a period of 5 h and

left to react for an additional 16 h. No functionalized SiNCs were recovered post purification.

3.3 Results and discussion

H-SiNCs (d~3, 6, 8 nm) were produced from established Veinot Laboratory protocol
(Scheme 1)!'? and were reacted with lipoic acid (LA) or dibutyl disulfide (DBDS) in the presence
of a commercial compact fluorescent light (18 W, 3500 K). In a typical experiment, fresh H-
SiNCs (~20 mg) were combined with either LA (1.2 mmol) or DBDS (7.9 mmol) in an argon
atmosphere and exposed to the emission of a common compact fluorescent light (18 W, emission
spectra Figure 3-1 above, Scheme 3-1). During the reaction, the flask was submerged into a water-
bath to ensure the effect of the heat generated from the light source was minimal. The reaction
progress was qualitatively evaluated by monitoring the transparency of the reaction mixture.'*3
For reactions with LA, transparent solutions were obtained in 90 - 120 min, 90 - 150 min, and 24
- 36 h for reactions involving 3, 6, and 8 nm diameter SiNCs, respectively. While the longer
reaction time for larger sized particles is consistent with size dependent reactivity of SiNCs,'** the
variation in reaction time for a given particle size is currently not well understood. For reactions
involving DBDS, transparent solutions were obtained within 60 - 120 min for 3 nm and 9 h — 12
h for 6 nm SiNCs. Studies involving SiNCs with d = 8 nm did not produce a transparent mixture.
This observation may be the result of the established need for longer surface groups to render

larger particles soluble. However, no further characterization was performed.
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Scheme 3-1: Fluorescent light induced functionalization of H-SiNCs with A) lipoic acid or B)
dibutyl disulfide.

FT-IR spectroscopy was employed to evaluate the modification of the SiNC surfaces
(Figure 3-2). Prior to reaction, H-SiNCs displayed characteristic strong absorption modes at ca.
2100 and 850 cm™ arising from Si—H, (x = 1-3) stretching and scissoring, respectively.’!”318
Following the reaction of SiNCs with LA (Figure 3-2A) and DBDS (Figure 3-2B), the intensities
of the Si-H, signals decreased considerably (attributed to incomplete surface coverage), and
various new signals appeared indicating surface modification indeed occurred. For both ligands

investigated, features emerged related to the alkyl C—H, stretching and bending in the 2850-3000

and 1300-1450 cm ! regions.?”! For LA-SiNCs, the appearance of features at 3400 cm™ and 1705
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cm’! corresponding to the carboxylic acid group of LA was observed.?®  In addition, a weak
feature in the spectrum of the LA-SiNC at 2575 cm ™! related to S-H stretching was noted.*!*32°
Additionally, the spectra of all functionalized SiNCs displayed features at ~1130-1000 cm!
related to Si—O stretching arising from residual surface oxidation though the degree varied with
particle size.''*** A more intense Si-O feature was observed for 3 and 6 nm LA-SiNCs compared
to their for 8 nm counterpart LA-SiNCs. This difference in the size dependent oxidation may be

due to the smaller SiNCs having a higher surface area to volume ratio, as well as more irregular

shapes that provide reactive high energy facets.
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Figure 3-2: A) FT-IR spectra of neat lipoic acid, H-SiNCs and LA-SiNCs (3 nm, 6 nm, and 8 nm).
B) FT-IR spectra of neat dibutyl disulfide, H-SiINCs and DBDS SiNCs (3 nm and 6 nm).
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XPS was employed to gain further insight into the oxidation states of the functionalized
SiNCs. Many reports show post functionalization silicon surfaces with only the Si(0) component
present in the Si 2p spectral region.! 7417717180321 A representative example is found in the work
by Hung et al. in which oxide free Si(111) surfaces were functionalized with 1-octadecanethiol
using white light.!”® The Si 2p XPS of these samples showed an intense signal at 99.8 eV with no
higher oxidation states being present. Post functionalization oxidation of the thiol bearing Si(111)
surface in air lead to the appearance of a broad signal at 104 eV indicative of silicon oxides.

> as well as Sano and co-workers.!’®  This

Similar observations were noted by Hacker!’
functionalization approach was extended to porous silicon by the Buriak group, who reported
similar Si 2p XP spectra with the major Si(0) components occurring at 99.5 - 99.9 eV; no higher
energy features above 102 eV related to silicon oxides were observed.!”*!%

In contrast, the Korgel group extended thiol surface functionalization to freestanding
SiNCs. 2> The Si 2p spectral region of these NCs after functionalization with dodecanethiol SiNCs
is starkly different from the previous reports noted above. A component assigned to Si(0) appears
at 99.8 eV; other components were observed at 100.4. 101.5, 102.6, and 103.7 eV that were
assigned to Si(I), Si(II), Si(IlI), and Si(IV) oxides. An additional feature not present in previous
investigations appears at 101.9 eV and was assigned to Si-S bonding. In the context of the bulk
and porous-Si reports noted above, this assignment is questionable and could result from complex
surface oxide species.

The S 2p spectral region is also of interest when studying the formation of Si-S surfaces.

The representative S 2ps» spectrum includes doublets at ~163.5 eV for bound sulfur!’®-189322 and

in some cases a doublet at ~163.2 eV for unbound/free sulfur.'”
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Figures 3-3 and 3-4 display the high resolution spectra of the Si 2p and S 2p spectral region
for LA-SiNCs and DBDS-SiNCs, respectively. The Si 2p3» emission in the high resolution spectra
of all functionalized SiNCs examined displayed a component attributed to Si(0) at 99.3 eV.!>® The
components between 100 and 102.5 eV are assigned to silicon sub-oxides (i.e., Si(I), Si(I), Si(IIT))
and the component at 103.4 eV (denoted as Si (IV)) is confidently attributed to Si02.!® Of
important note, the Si 2p region of 3 and 6 nm LA-SiNCs showed greater contributions from higher
binding energy components. This may result from surface oxidation and/or functionalization.
Consistent with the FT-IR analysis described above (Figure 3-2A), the Si 2p3/» emission for 8 nm
lipoic acid functionalized particles shows limited oxidation. As mentioned earlier, the origin of
the apparent size dependence of the degree of surface oxidation may be the result of the smaller
SiNCs having a higher surface area to volume ratio and more irregular shapes that provide reactive
high energy facets.

The S 2p emission consists of two features®?® at 161.9 V174180324325 apnd 164.0 eV,!174326
that are readily attributed to the bound thiolate and unbound disulfide, respectively. For LA-
SiNCs, the later component may arise from surface-bonded or free polymeric lipoic acid (vide

supra). The unbound sulfur peak seen in 6 nm DBDS-SiNCs may be a result of residual DBDS.
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Figure 3-3: High-resolution XPS spectra of silicon (2ps/2) and sulfur (2p) signals for 3, 6, and 8
nm LA-SiNCs. Fitting results for Si 2p are shown for the Si 2p3/> components while Si 2pi signals
have been omitted for clarity. Si (0), Si (I), Si (II), Si (II), and Si (IV) are denoted as (0), (1), (II),
(III), and (IV), respectively. For S 2p spectra, ‘bound’ refers to Si-S and ‘unbound’ indicates free
sulfur. For all spectra, black curves and circles correspond to the original data and fit spectra,

respectively.
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Figure 3-4: High-resolution XPS spectra of silicon (2p3/2) and sulfur (2p) signals for 3 and 6 nm

DBDS-SiNCs. Fitting results are shown for the Si 2p3» components. Si 2pi. signals have been
omitted for clarity. Si (0), Si (I), Si (II), Si (IIT), and Si (IV) are denoted as (0), (1), (II), (IIT), and

(IV), respectively. For S 2p spectra, ‘bound’ refers to Si-S and ‘unbound’ indicates free sulfur.

For all spectra, black curves and circles correspond to the original data and fit spectra, respectively.
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UV irradiation of lipoic acid can lead to polymerization. This process occurs because of

the homolytic cleavage of the S-S bond!®*3?” (bond dissociation energy, BDE, S-S = 53-57

) 328 309,312
3

kcal/mol that produces thiyl radicals that initiates polymerization. To determine if
surface ligands were oligomeric in nature on the LA-SiNC surface, NALDI-MS was employed;
this technique has been applied previously to identify the presence of oligomers on SiNC
surfaces.'*® Recall (Section 2.3), the resulting fragmentation patterns obtained from this technique
can be complex due to the various bond strengths at the SiNC surface (Si—Si, 210250 kJ mol!;
Si—C, 369 kJ mol!; and C—C, 292-360 kJ mol™).!3!

SiNCs with d = 3, 6, or 8§ nm were investigated and the resulting data were evaluated by
identifying a series of signals separated by m/z = 206, the loss of a repeat unit from an oligomer or
polymer of lipoic acid (Figure 3-5). There were no fragments associated with lipoic acid (m/z =
206) for all samples investigated. For 3 and 6 nm SiNCs, fragments showed a distinct series of
mass peaks separated by m/z = 206. For 8 nm lipoic acid functionalized SiNCs, no evidence of
oligomers was detected. This difference may arise from the established photodegradation of the

polymer and is the subject of ongoing investigation.3!%3!3

The origin of this size dependent
reactivity is unclear. To isolate if the SINCs were responsible for the observed oligomerization, a
sample of LA exposed to the emission of the fluorescent light was evaluated (Figure 3-5D) and
oligomers made up of LA units were detected. For reactions involving DBDS, the S-S bond is not

held together by a bridging ring as the lipoic acid S-S bond, and no oligomerization is expected.

Therefore, NALDI-MS was not employed for DBDS-SiNCs.
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Figure 3-5: NALDI-MS spectra of A) 3 nm, B) 6 nm, C) 8§ nm LA-SiNCs D) NALDI-MS

spectrum of lipoic acid after exposure to fluorescent light.

108



To further interrogate the nature of the surface ligand, TGA was performed (Figure 3-6).
The TGA traces reveal a significant weight loss of occurring at 150 - 600 °C for 3, 6, and 8 nm
LA-SiNCs when heating, and occurs in a similar temperature range to that previously reported for
polymeric lipoic acid.!* While quantitative identification of the species present is not possible,
the appearance of several weight loss events suggests a mixture (e.g., free and surface bonded
oligomers, oligomers of varied molecular weights). TGA analysis was also used to evaluate
DBDS-SiNCs. In this case, a mass increase was observed as the sample was being heated, rather
than a weight loss (Figure 3-7). The origin of this behavior is not obvious and may be related to
the weak Si-S surface linkage*?° as well as a possible gas leak in the TGA that came to light post

analysis. Due to the interest of time, this measurement was not repeated.
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Figure 3-6: TGA curves of LA-SiNCs with d = (A) 3 nm, (B) 6 nm, and (C) § nm.
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Figure 3-7: TGA curve of DBDS-SiNC with d = 3 nm.

The LA-SiNCs were further probed by 'H NMR spectroscopy (in THF-ds) to obtain
complimentary information related to the nature of the surface ligands (Figure 3-8). The
resonances corresponding to alkyl (1.4 — 3.0 ppm) and acidic protons (~10.8 ppm) on the surface
ligands of functionalized particles exhibit significant broadening compared to those noted for free
lipoic acid.?'* This broadening has been noted previously for surface bonded species and results
from the long relaxation times due to the slow/restricted rotation of the ligand.*?° The polymeric
nature of the surface ligand might also contribute to the observed broadening of the 'H NMR
spectra.’!%313 Unfortunately, 'TH NMR spectroscopy could not be obtained for DBDS-SiNCs due

to limited solubility.
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Figure 3-8: '"H NMR spectra of A) 8 nm, B) 6 nm, and C) 3 nm LA-SiNCs. D) '"H NMR spectra

of neat lipoic acid. * Denotes free lipoic acid and/or trace impurities.

Based on the FTIR (Figure 3-2), XPS (Figures 3-3 and 3-4), NALDI-MS (Figure 3-5),
TGA (Figure 3-6), and 'H NMR (Figure 3-8) analyses, the surfaces of the functionalized SiNCs

are complex. It is reasonable surface groups include LA (monomer or polymeric dependent on
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SiNC size) or DBDS ligands attached, as well as residual Si-H (from unreacted surface sites)

complex oxides denoted as Si-O-Si (from oxidation) (See Figure 3-9).
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Figure 3-9: Representative schematic of the surface of SiNCs after reactions with A) lipoic acid

or B) dibutyl disulfide.

The particle size and morphology of all functionalized SiNCs were evaluated using TEM
(Figure 3-10a-e). For images of LA-SiNCs (Figure 3-10a-c), aggregation was observed consistent

with interparticle interactions involving carboxylic acid groups of the lipoic acid surface ligands
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(e.g., H-bonding and dimerization). The TEM images of DBDS-SiNCs (Figure 3-10d-e) also
showed evidence of aggregation. As a consequence of this aggregation, a detailed size analysis
from TEM images could not be achieved. The HRTEM (Figure 3-10f) of 8 nm LA-SiNCs shows
lattice fringes resulting from Si (111) lattice spacing (d-spacing = 0.32 nm) indicating the Si core
remained intact throughout the functionalization procedure. Further evaluation of the
hydrodynamic radius of the SiNCs was performed using DLS, however, no clear trends were
observed and may be the result of solution borne oligomers complicating the analysis (data not

shown).

Figure 3-10: TEM images LA-SiNCs with diameter: (a) 3 nm, (b) 6 nm, (c) 8§ nm. TEM images
of DBDS-SiNCs with diameter: (d) 3 nm, (¢) 6 nm. (f) HRTEM image of LA-SiNCs with diameter

& nm.

All functionalized SiNCs are photoluminescent (PL, Figure 3-11) and exhibit PL maxima

occurring at 618, 619 and 659 nm for 3, 6, and 8 nm for LA-SiNCs, respectively (Figure 3-10A).
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DBDS-SiNCs displayed emission maxima at 719 and 725 nm for 3 and 6 nm SiNCs, respectively
(Figure 3-10C). A slight blue-shift in the PL emission was observed for all sizes of LA-SiNCs
compared to that of DBDS-SiNCs. The origin of this behavior is unclear, however, it may be
related to the degree of surface oxidation of the LA-SiNCs that could reduce particle size or
introduce surface states (Figures 3-2 and 3-3).%%%% In attempts to elucidate the role of surface and
core states in the observed PL, the radiative lifetimes of all functionalized SiNCs were also
measured. The resulting data were evaluated by fitting to a stretched exponential decay by the

following equation:

t
y(t) = AetPP 4 ¢

Where 7 is the time decay, f is the dispersion factor and C is the constant offset. The measured
lifetimes were 26, 17, and 113 us for 3, 6, and 8 nm LA-SiNCs, respectively. For 3 and 6 nm
DBDS-SiNCs, the determined lifetimes were 45 and 75 s, respectively. All measured lifetimes

are consistent with a band-gap based emission.?*’
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Figure 3-11: A) Photoluminescence spectra of LA-SiNCs (d = 3, 6, or 8§ nm) functionalized with
lipoic acid upon excitation at 350 nm. B) Photographs of LA-SiNCs (d =3, 6, 8 nm) upon exposure
to 365 nm light. C) Photoluminescence spectra of DBDS-SiNCs (d = 3 or 6 nm) upon excitation
at 350 nm. D) Photographs of DBDS-SiNCs (d = 3, 6 nm) upon excitation at 365 nm.
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3.3.1 Investigation the origin of the reactivity

To determine if the light was driving the observed reactivity, a series of experiments
designed to isolate its potential role were performed using 3 nm H-SiNCs. First, to determine if
heat generated from the light source initiated the reaction, H-SiNCs (~20 mg) and LA (1.2 mmol)
were heated to 45 °C for 42 h in an Ar atmosphere. This treatment resulted in no qualitative change
consistent with no reaction occurring (Figure 3-12A-1). To investigate the role of light, H-SiNCs
(~20 mg) and LA (1.2 mmol) were stirred in the subdued light (i.e., the reaction flask was wrapped
in aluminum foil) for 42 h in an Ar atmosphere. Again, no reaction was observed (Figure 3-12A-
i1). Both reaction mixtures were stored in ambient light for 2 weeks after which the mixtures were
less cloudy suggesting a slow reaction leading to surface modification may have occurred (Figure
3-12B). This reaction may have been initiated by the low intensity irradiation from overhead
fluorescent lights that have a similar spectral profile to that of the compact fluorescent bulb used
herein, however, no further evaluation was performed.!®* To determine if trace water promotes
the reaction of SiNCs with lipoic acid, a sample of freeze-dried SiNCs was combined with LA (1.2
mmol) and exposed to the emission of a compact fluorescent light while being maintained under
an Ar atmosphere. After two hours no change was observed. To investigate if residual water
remaining after extraction from the HF etching influenced reactivity, trace water was added; after

16 h, the reaction mixture was qualitatively unchanged indicating water did not play a role.
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Figure 3-12: Vials containing reaction mixtures A) immediately after B) and two weeks after the
reactions of 1) H-SiNCs (d = 3 nm) and lipoic acid heated to 45 °C and ii) H-SiNCs (d = 3 nm) and
lipoic acid in subdued light and heat.

3.3.2 Proposed Reaction Mechanism

Previous studies indicated irradiation of lipoic acid (i.e., the disulfide bond) can induce
thiyl radicals that can induce the formation of oligomeric and polymeric lipoic acid.>*-31? It is also
well established that thiyl radicals are useful in the generation of silyl radicals from
organosilanes.!34327331-333 NALDI-MS analysis of the lipoic acid functionalized SiNCs shows the
formation of oligomers. This was further supported by TGA. Based upon these observations, and
the known reactivity of H-SiNCs, it is reasonable that thiyl radicals could be activating the SINC
surface.!*®148:1%9 n this context, we propose that irradiation of lipoic acid leads to the generation
of thiyl radicals (Scheme 3-2a) that abstract a surface hydride of the H-SiNCs or forms oligomeric
lipoic acid chains.'® The silyl radical on the SiNC further reacts with additional thiyl radicals
present in solution, finally resulting in the surface functionalization of the SiNCs with either
monomer or oligomer lipoic acid units.

For reactions involving DBDS, the S-S bond is not held together by a bridging ring as the
lipoic acid S-S bond, as described above, and no oligomerization is expected. A similar reaction
mechanism (Scheme 3-2b) is proposed in which irradiation causes the breakage of the S-S bond
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resulting in a thiyl radical capable of hydride abstraction from the H-SiNC surface. Again, the

remaining silyl radical on the surface can then react with the additional thiols in solution, resulting
in surface functionalization.

(a) Lipoic Acid Functionalization

~_-R —~__R ~_R ~_R ~_R
¢ Y E——————— I ) [ \
\S—SI fluorescent light S é' or é S—(_é Sj.‘—S é'
R= T O
~_R

A,
& &

R
C & & R _~_R _~_R
o~ R _~_R ~_R ™ . { \ R
. é é é éé T B ( é s%é éJﬁs éH (Y
LS LK { } s BT g ' /n S SH ~_R ~_R _~_R
K Si i \ / 3 Si / \
[ Si 77 n ik Si gy Sir é "é [}
St Si SI°_ 4SS Ss{s S+s SH
H S H ] S Si 7T \ n
H H Hoos
H
(b) Dibutyldisulfide Functionalization
SS =, 8
fluorescent light
W L : .
?IV: 3 “’_'fSl H & ?li— —Sis ) S\ PR St~
L Si 7] L Si & _ -k
Sy X SN 5 ‘ s
H S‘| H "S‘|
H

Scheme 3-2: Proposed reaction mechanisms for H-SiNCs reacted with a) lipoic acid or b) dibutyl
disulfide via a compact fluorescent light.
3.4 Conclusion

In conclusion, the work outlined in this chapter presents an alternative reaction method to

functionalize SiNC surfaces with S-S containing molecules (i.e., lipoic acid and dibutyl disulfide)

via a compact fluorescent light source to generate Si-S surface linkages. The mild reaction
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conditions used are available to SiINCs d = 3, 6, or 8 nm for lipoic acid or d = 3 or 6 nm for dibutyl
disulfide, exhibit PL, and display long radiative lifetimes under inert atmosphere conditions.
NALDI-MS/MALDI-MS and TGA analysis suggests the formation of oligomers/polymers of
lipoic acid on the SiNC surface. We also propose the reaction proceeds via a mechanism that
begins with abstraction of a surface hydride, similarly to what has been reported on bulk silicon

systems.
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Chapter 4
Detection of High-Energy Compounds Using

Photoluminescent Silicon Nanocrystal Paper Based
Sensors.’

3 A portion of this chapter has been published:
Gonzalez, C. M.; Igbal, M.; Dasog, M.; Piercey, D. G.; Lockwood, R.; Klapoetke, T. M.; Veinot,
J. G. C. Nanoscale 2014, 6, 2608-2612.
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4.1 Introduction

As previously discussed in Chapter 1, sensing high energy materials (i.e., explosives) has
received substantial attention because of the obvious importance to security and forensics;
detection of these materials is also crucial because many are toxic and pose environmental
risks.??2223-334 Modern methods for detecting explosives include gas chromatography coupled with
mass spectrometry, ion mobility spectrometry, surface enhanced Raman spectroscopy, and energy
dispersive X-ray spectroscopy.>*>33® Unfortunately, all of the methods are infrastructure intensive
and cannot be readily implemented in the field or outside a laboratory setting.’*° There is a
concerted push to develop sensing technologies that are cost effective. One approach has been to
use paper substrates as sensing motifs. For example, paper-based Surface Enhanced Raman
Spectroscopy substrates for explosive detection have also been developed.?%**! In this context,
development of complementary techniques for straightforward, rapid, on-site detection is of
paramount importance.

An attractive approach toward realizing this goal is the development of fluorescent sensors
that respond to these compounds. These sensors are usually comparatively simple, require
minimal infrastructure, are cost-effective, and exhibit adequate sensitivity, as well as response
times.® Recently, luminescent nanomaterials (e.g., Cd-based quantum dots (QDs)) have been

15342.343 " Freeman and

explored as fluorescent sensors because of their exquisite tunability.
coworkers successfully employed fluorescent, functionalized CdSe/ZnS QDs to detect trace
quantities of trinitrotoluene (TNT) and cyclotrimethylenetrinitramine (RDX).2!® In efforts to
render these systems portable and increase their compatibility with field applications, researchers

interfaced the active nanomaterials with common filter paper to afford a detection system. Zhang

and coworkers coated filter paper with dual-emission CdTe QDs that luminesce different colours
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T 3%

in the presence of TN Similarly, Ma and coworkers used the molecular emitter 8-

hydroxyquinoline aluminum and nanospheres to detect 2,4,6-trinitrophenol (TNP).3%3
Quantum dots have the clear advantages over molecule-based emitters given that they are

' Furthermore,

less susceptible to photobleaching, however, CdSe and CdTe QDs are toxic.?!
regulations exist or are pending in numerous jurisdictions that limit their widespread use in
industrial and consumer applications — new materials must be explored.?!! Silicon nanocrystals
(SiNCs) are an attractive alternative material that maintains all the advantages of Cd-based
quantum dots (e.g., tailorability and photostability) with the clear benefit of being less toxic. The
Sailor group showed the photoluminescence of hydride terminated porous silicon films was
quenched upon exposure to dinitrotoluene (DNT), TNT, and nitrobenzene (NB) vapors.?** These
quenching processes are believed to occur via a reversible electron transfer mechanism or
irreversible chemical oxidation depending on the duration of vapor exposure.??* The authors noted
these findings are in agreement with the work by Fauchet and McLendon, that showed
nitroaromatics could participate in electron transfer if the quencher redox level lies below the
conduction band edge of porous silicon.>*® However, hydride terminated porous silicon surface is
readily oxidized upon exposure to air and is fragile, thus making it impractical for field
applications. Germanenko and coworkers demonstrated the red luminescence of web-like
agglomerated silicon nanocrystals (d ~ 5-6 nm) bearing a 1-2 nm oxide surface layer was quenched
when exposed to nitroaromatic compounds.??> Again, an electron transfer quenching mechanism
is proposed, as observed with porous silicon. Unfortunately, the luminescence of these materials
was not affected by explosives-related compounds NB and mononitrotoluene (MNT) that are

common degradation products of nitro class explosives typically found in landmines.>*’ These

early reports demonstrate the promise of Si-based nanomaterials and suggest photoluminescent
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SiNCs could be used as sensors for nitro containing explosives. To the best of our knowledge, no
study has been reported that employed well-defined freestanding alkyl terminated surface silicon
nanocrystals as a nitroaromatic, nitroamine or nitrate ester explosives detection system.

In this chapter, we describe the detection of a series of nitroaromatic compounds (i.e.,
mononitrotoluene (MNT), nitrobenzene (NB), dinitrotoluene (DNT), and trinitrotoluene (TNT)),
as well as the nitroamine RDX and nitrate ester pentaerythritol tetranitrate (PETN) by exploiting
the optical response of dodecyl functionalized SiNCs in solution. We subsequently extend this
investigation and outline the fabrication and application of an air-stable, fluorescent, paper detector
based upon these particles. This paper-based system showed rapid detection of nitroaomatics,
nitroamine, and nitrate esters by luminescent quenching in solution, vapor and solid phase at
nanogram levels. We then further investigated the coupling of pentanoic acid functionalized
SiNCs to non-fluorescent thin layer chromatography (TLC) plates for the separation of MNT and

DNT.
4.2 Experimental

4.2.1 Chemicals/Reagents and Materials

Hydrogen silsesquioxane (HSQ, trade name Fox-17, sold commercially as a solution in
methyl isobutyl ketone) was purchased from Dow Corning Corporation (Midland, MI).
Hydrofluoric acid (HF, 49% aqueous solution) was purchased from J.T. Baker. Reagent grade
methanol, ethanol, toluene, 1-dodecene (95%), 2,4-dinitrotoluene (DNT), and mononitrotoluene
(MNT), 2,2'-azobis(2-methylpropionitrile) (AIBN, 98%), 4-(dimethylamino)pyridine (DMAP,
95%), N,N’-dicyclocarbodiimide (DCC, 99%), pentenoic acid (97%, dried over molecular sieves

(3 A) prior to use) dichloromethane, and acetone were purchased from Sigma Aldrich.
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Nitrobenzene (NB, 99%) was received from Alfa Aesar. 2,4,6-trinitrotoluene (TNT),
pentaerythritol tetranitrate (PETN), and cyclotrimethylenetrinitramine (RDX) were synthesized
using established literature procedures.**® Silica gel on TLC aluminum foils (silica gel 60 matrix,
without fluorescence indicator, L x W 5 cm x 7.5 cm, product number 55811) were purchased

from Sigma Aldrich.
4.2.2 Preparation of hydride-terminated Si nanocrystals

A composite consisting of SINCs embedded within a SiO,-like matrix was prepared via
thermal processing of HSQ as described previously.!'? Briefly, solid HSQ was placed in a quartz
reaction boat and heated at 1100°C in a tube furnace for 1 h under reducing conditions (i.e., 95%
A1/5% Haz). This procedure yields SiNCs (diameter ca. 3.7 nm) within a protective oxide. After
cooling to room temperature, the composite was crushed using an agate mortar and pestle to form
a fine brown powder. Additional grinding was performed upon shaking with high-purity silica
beads with a Burrell Wrist Action Shaker for 12 h. The resulting SiNC/Si0, composite was
chemically etched to liberate hydride-terminated SiNCs. 0.4 g of ground composite powder was
transferred into a polypropylene beaker with a stir bar. 5 mL of water and 5 mL of ethanol were
added to the beaker with mechanical stirring. 5 mL of 49% HF solution (Caution! HF must be
handled with extreme care) was then slowly added to the beaker and the mixture was stirred for 1
h. The hydride-terminated SiNCs (H-SiNCs) were extracted from the aqueous layer into ca. 30
mL (i.e., 3x 10 ml) of toluene. The cloudy yellow SiNC toluene suspension was transferred into
test tubes and centrifuged at 3000 rpm to isolate the SiNCs for immediate dodecyl

functionalization (vide infra).
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4.2.3 Synthesis of dodecyl functionalized silicon nanocrystals

The toluene supernatant was decanted and H-SiNCs were immediately dispersed in ca. 30
mL dodecene and transferred to a flame dried Schlenk flask that was equipped with a magnetic
stir bar. The flask was attached to a Schlenk line and evacuated and backfilled with argon three
times to remove air. The reaction mixture was heated to 190 °C and stirred for 12 h to yield a
transparent orange-yellow solution. The resulting solution was cooled to room temperature and
mixed with 105 mL of a 1:1 methanol:ethanol mixture and placed in a high-speed centrifuge at
14000 rpm for 0.5 h. The supernatant was decanted and 10 mL of toluene was added to redisperse
the particles. 35 mL of 1:1 methanol:ethanol solution was then added and the
centrifugation/decanting/redispersion procedure was repeated twice. The purified particles were
finally redispersed in toluene (10 mL), filtered through a 0.45 um PTFE syringe filter, and stored
in vials under ambient conditions for future use. The SiNCs were characterized using FT-IR and

TEM.

4.2.4 Synthesis of carboxylic acid functionalized silicon nanocrystals

Again, the toluene supernatant was decanted, the H-SiNCs were dispersed in 10 mL of
toluene and transferred to an argon charged, oven dried Schlenk flask equipped with a magnetic
stir bar. Pentenoic acid (0.018 mol) dried over molecular sieves (3 A) was then added to this
solution along with 0.061 mmol of AIBN. The mixture was then subjected to three cycles of
freeze-pump-thaw, heated to 60 °C and stirred for 19 h. The resulting SiNCs were isolated by
centrifugation at 3000 rpm for 10 min. The supernatant was then decanted and the remaining
SiNCs were redispersed in 95% ethanol and pentane was used as the anti-solvent. This

solvent/anti-solvent mixture was then centrifuged at 14000 rpm for 20 min. This procedure was
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repeated an additional two times. The purified SiNCs were then stored in vials under ambient
conditions until further use. The SiNCs were characterized using FT-IR and TEM.
4.2.5 Coupling of carboxylic acid functionalized silicon nanocrystals to TLC
plates

Carboxylic acid functionalized SiNCs (~20 mg) were dispersed in 25 mL of dry toluene in
a dry argon charged Schlenk flask and subjected to three freeze-pump-thaw cycles. Then the non-
fluorescent TLC plates (1.5 x 5 cm, previously dried in vacuum overnight prior to use) were strung
through a metal wire and placed into the Schlenk flask containing the SiNC solution (Figure 4-11,
below). A solution mixture of DCC (0.08 mmol) and DMAP (0.12 mmol) was added to the
Schlenk flask under ice cooling. The reaction mixture was left under ice for 10 min and then at
room temperature overnight. The SiNC coupled TLC (SiNC-TLC) plates were then washed with
dichloromethane and acetone to remove remove excess reagents and were dried under vacuum

prior to use.
4.2.6 Material Characterization and Instrumentation

Fourier Transform Infrared Spectroscopy (FT-IR) of functionalized SiNCs was performed
using a Nicolet Magna 750 IR spectrophotometer by drop coating a toluene dispersion of SiNCs.
Transmission Electron Microscopy (TEM) analysis was performed using a JEOL-2010 (LaBs
filament) electron microscope with an accelerating voltage of 200 keV. TEM samples were
prepared by drop casting a toluene solution of SiNCs onto a 200 um mesh carbon coated copper
grid and allowing the solvent to evaporate under vacuum prior to imaging. Size information was

obtained by counting no fewer than 200 particles using Image J program. Photoluminescence (PL)
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spectra were acquired using a Cary Eclipse spectrophotometer (Aex =350 nm). All solution-based

quenching studies were performed using toluene solutions of functionalized SiNCs (1 mg/mL).
4.2.7 Solution phase PL quenching studies

Stock solutions of NB, MNT, and DNT were prepared in toluene at appropriate
concentrations. The working solutions were then stirred thoroughly prior to fluorescent
measurements for a minimum of 5 min each. The solution samples were then transferred to a
spectrophotometer quartz cuvette and fluorescent measurements were then taken at room
temperature. The final concentration of nitroaromatic compounds analyzed are listed in Table 4.1

below.

4.2.8 Solution phase PL lifetime studies

Photoluminescence lifetimes were acquired by shining a modulated argon ion laser (476
nm, ~30mW) into the quartz cuvette containing the as prepared solutions and then coupled to a
fiber optic system. The laser was modulated by an acousto-optic modulator operating at 500 Hz.
Light from the SiNCs was channeled into a photomultiplier (Hamamatsu H7422P-50) connected
to a photon counting card (PMS-400A). Lifetime decay data was fit to a stretched exponential
function in Mathematica given by y(f) = A[exp (-(#/z))] + C, where 4 is the initial intensity, 7 is
the time decay (basic lifetime), f is a stretching parameter that can vary between 0 and 1, and C is
an offset.?86-288
As the concentration of nitroaromatic compounds (i.e., NB, MNT, DNT) increased, the

values of T decreased, indicating that the SINCs were quenched by fast, non-radiative, processes.??®

Additionally, B decreased indicating that the lifetime distribution grew due to the presence of non-
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radiative relaxation pathways with NB, MNT, and DNT.** The final concentration of

nitroaromatic compounds analyzed for lifetime measurements are listed in Table 4.1.

Table 4-1: Concentrations of nitroaromatics (i.e., NB, MNT and DNT) used for PL and lifetime

measurements.
PL measurements PL lifetime measurements
(mM) (mM)
0 0
0.05 0.05
0.075 0.075
0.25 0.25
0.5 0.5
0.75 0.75
1 1
1.5 1.5
2.5 2.5
5 5
7.5 -
10 -
25 -

4.2.9 SINCs paper sensor for visual detection of nitroaromatic compounds

A piece of filter paper (Fisherbrand, qualitative P4) was cut into small rectangles and
dipped into a beaker containing a 5 mg/mL solution of dodecyl functionalized SiNCs for 10 min.
The filter paper was then removed and dried under N> for 2 min. This indicator paper displayed
red-orange luminescence when exposed to a hand held UV lamp (A = 365 nm). To display the
potential application as a fluorescent paper sensor, solutions of nitroaromatic compounds were
spotted onto the paper directly by pipette, “fingerprinted” with solid nitroaromatic compounds
onto the paper, or exposed to nitrobenzene vapor. Finally, the paper was imaged under the UV
lamp (A = 365 nm) and photos were taken by a digital camera.
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For cotton swab residue studies, 2 pL of varying concentrations (0.0125, 0.05, 0.25 mM)
of DNT were drop coated onto cotton swab tips. These swabs were then left to dry and should
result in residues of 4.5, 18.2, 91.1 ng of DNT present on the swab. A blank swab was prepared
by drop coating 2 uL of toluene onto the cotton swab tips and left to dry. All of the prepared swabs
were then pressed onto the filter paper to observe if quenching of luminescence would occur.

For solid reside testing, 0.5 mg of DNT was weighed in a plastic tray, and then a gloved
finger tapped onto the solid DNT sample. The excess solid was brushed off until there was no
visible solid present on the glove. The gloved finger was then pressed four times successively on
the filter paper. The paper was then viewed under the UV lamp to determine if quenching was
achieved. Further solid residue testing was performed by swiping a gloved finger into the empty
plastic tray where the DNT was once present. The gloved finger was then pressed onto the filter
paper 4 times, and observed under a UV lamp. A similar procedure was followed to test if the
filter paper could detect DNT solid residue that was present on cotton fabric. 0.5 mg of DNT was
applied to cotton fabric, brushed off, and then the filter paper was rubbed onto the fabric, and
finally observed under a UV lamp.

Vapor testing of nitrobenzene was performed by placing the prepared sensor paper over
the mouth of a bottle containing concentrated NB and leaving for 3 min. The resulting paper was
then removed and imaged under UV lamp. To check if the filter paper sensor was reusable, it was
then placed under a N airstream for 2 min to evaporate off NB, then removed and imaged under

UV lamp.
4.2.10 TLC separation of nitroaromatic compounds

A SINC-TLC plate was first spotted with 2 pL. of MNT (0.1 M) and 2 pL of DNT (0.1 M)
in separate lanes. The TLC plate was then developed in a beaker containing a 50:50 mixture of
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CHCla:acetone. A second SiNC-TLC plate was spotted with 2 pL. of MNT (0.1 M) and then
spotted with 2 pL of DNT (0.1 M) in the same lane. Again, the TLC plate was then developed in
a beaker containing a 50:50 mixture of CH>Cly:acetone. The TLC plates were then exposed to a

handheld UV lamp (A = 365 nm) for observation and analysis.

4.3 Results and Discussion

4.3.1 Characterization of dodecyl functionalized SiNCs

Oxide-embedded SiNCs were obtained from the thermally induced disproportionation of
HSQ.!"> After etching with HF, red-emitting, hydride terminated SiNCs were obtained and
immediately functionalized with dodecene via thermally induced hydrosilylation as reported
previously.!!? Material characterization is summarized in Figure 4-1. The FTIR spectrum (Figure
4-1A) shows features characteristic of alkyl terminated surfaces at 2920 cm™ (C-H stretching) and
1450 cm™! (-C-H bending) consistent with dodecyl functionalization.'** Features observed at 2110
and 1050 cm™! indicate small amounts of SiH, and Si-O-Si functionalities, respectively, remain
following alkyl modification. The PL spectrum of the dodecyl functionalized SiNCs in toluene
(Figure 4-1B) shows a peak intensity maximum at 643 nm. Morphology of the functionalized
SiNCs was evaluated using transmission electron microscopy (Figure 4-1C) which indicates the

particles are pseudospherical with an average diameter of 3.7 + 0.4 nm (Figure 4-1D).
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Figure 4-1: Characterization of dodecyl functionalized SiNCs. (A) FTIR spectrum of SiNCs. (B)
Fluorescence spectrum of SiNCs with an inset of the nanocrystals displaying the red-orange
luminescence atop UV benchtop. (C) TEM image of resulting nanocrystals and (D) the particle
size distribution analysis of the SINCs. Note: Particle size histograms were assembled by counting

200 SiNCs through the longest diameter present with Image J software.

4.3.2 Fluorescence quenching by nitroaromatic compounds

Upon the addition of nitroaromatic compounds (i.e., NB, MNT, and DNT) to solutions of
dodecyl functionalized SiNCs, luminescence was quenched. Figure 4-2A-C shows titration curves
of the fluorescence peak intensity of toluene solutions containing 1 mg/mL SiNCs as a function of

nitroaromatic (i.e., NB, MNT, and DNT) concentration ranging from 0.05 to 25 mM. Consistent
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with previous reports, the degree of SiNCs PL quenching was proportional to the concentration of
nitroaromatic (i.e., higher the nitroaromatic concentration, the more efficient the quenching). In

addition, no shift in PL maximum or changes in the line shape of the PL spectrum resulted.
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Figure 4-2: Fluorescence quenching spectra of SiNCs by increasing concentrations of (A) NB,
(B) MNT, (C) DNT in solution with an inset showing the quenching effect with 0 and 25 mM
DNT atop bench-top UV-lamp. (D) The Stern-Volmer plot for the quenching efficiencies of NB,
MNT and DNT at different concentrations.
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To gain a more complete understanding of the quenching behaviour induced by NB, MNT, and

DNT on dodecyl functionalized SiNCs PL data was evaluated using the Stern-Volmer equation:
I/1=K[Q] + 1

Where, Ip and I are the luminescence intensity in the absence and presence of nitroaromatic
compounds (analyte), respectively. [Q] is the nitroaromatic compound (analyte) concentration,
and K,y is the luminescence quenching constant. Figure 4-2D shows the relationship of Io/I vs.
nitroaromatic compound (NB, MNT, DNT) concentration. In the range of 0.05-5 mM, NB, MNT,
and DNT display linear behaviour indicative of the quenching arising from a dynamic process such
as an electron transfer.>>® It has been proposed, based upon the correlation of reduction potentials
in nitroaromatic compounds, that luminescence quenching of both porous silicon and oxide
terminated web-like aggregates of SiNCs proceeds via an electron transfer pathway (Scheme 4-
1).224225:346 Qugoestions have been made that the electron transfer occurs from the Si nanomaterial
conduction band to the vacant m* orbital of the nitroaromatic compound, resulting in
photoluminescence quenching.?>>3! If this is the case for the present systems, considering the
known reduction potentials of NB, MNT, and DNT (i.e., -1.15V, -1.19 V, and -0.9 V vs NHE in
acetonitrile, respectively),??*** the PL quenching efficiency should decrease for more negative
redox potentials. As such, DNT should be the most efficient quencher of the three tested here.
The K,y values determined from the analysis presented in Figure 4-1B are 6.44 (mM)!, 1.01 (mM)
! and 2.36 (mM)! for NB, MNT, and DNT, respectively. Unfortunately, this trend does not hold

true for NB and MNT Ky values, however DNT was the most efficient quencher.
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Scheme 4-1: Proposed electron transfer quenching mechanism of SiNCs by nitroaromatic
compounds, were ¢, h*, CB and VB represent an electron, hole, conduction band and the valance

band, respectively.

To further verify the quenching mechanism is a dynamic process, the PL lifetime of the
SiNCs as a function for each of the nitroaromatic quenchers (i.e., NB, MNT, DNT) concentration
in the range of 0.05 - 5 mM was studied. If the PL lifetime is independent of the quencher
concentration, the quenching mechanism is static and is governed by the formation of a ground
state nanoparticle-analyte complex.’>? Alternatively, if the quenching process is dynamic there
will be a decrease in the lifetime because of additional deactivation pathways (e.g., electron
transfer) that will shorten the lifetime.*>> For the present system, increasing the concentration of
the nitroaromatic compound resulted in a decrease of lifetime decays (Figure 4-3A-C). These
results were then plotted as 1o/t vs. nitroaromatic compound (NB, MNT, DNT) concentration
where 1, and 1 are the PL lifetimes in the absence and presence of nitroaromatic compounds
(analyte), respectively (Figure 4-3D). Unfortunately, due to time and instrument availability, only
one data set was collected and no statistical analysis could be performed. As expected, DNT was
the most efficient lifetime quencher of all nitroaromatic compounds tested. These results further

support the quenching mechanism is a dynamic process via electron transfer.
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Figure 4-3: The PL lifetimes of SiNCs with varying concentrations of (A) NB, (B) MNT, and (C)
DNT in solution. (D) The Stern-Volmer plot for the PL lifetime decays of SiNCs of NB, MNT,

and DNT at different concentrations.

To determine the limit of detection (LOD) for PL quenching that functionalized SiNCs
display for toluene solutions of NB, MNT, and DNT, the PL quenching arising from analyte
concentrations of the range 0.05 - 5 mM was evaluated. The LOD for nitroaromatic compounds
in toluene was determined using the 3o criteria and were calculated to be 1.54, 0.995, and 0.341
mM (i.e., 184.6, 136.5, and 62.1 ppm, respectively) for NB, MNT, and DNT, respectively.3>333

Unfortunately, solution phase LODs in toluene are not as sensitive as previous reports.>>> The
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origin of the decreased LODs is unclear, however, it may result from the influence of the alkyl
surface termination and is the subject of ongoing investigations. Fortunately, these solution LODs
do not preclude the practical usefulness of this SINCs detection system, which can be extended to
solid residue and vapor detection (vide infra). Furthermore, it is also reasonable LODs will be

improved by appropriate tailoring the surface functional groups.
4.3.4 Visual Detection using paper supported SiNCs

Extending the potential utility of the present SINCs sensing motif, we prepared filter paper
impregnated with luminescent SiNCs by dip-coating in a toluene solution of the NCs (Scheme 4-
2). The resulting paper displayed red-orange photoluminescence characteristic of the SINCs upon
exposure to a standard handheld UV (A = 365 nm) lamp. To test the sensitivity of this new
detection system, 2 uL of stock solutions (0.25, 5, and 25 mM) of NB, MNT, and DNT were
spotted onto the prepared paper (Scheme 4-2). Photographs of the exposed papers are shown in

Figure 4-4.

m—

Scheme 4-2: Schematic representation of the preparation and use of SiNC based sensor paper. (1)
A piece of filter paper is dip coated in a solution of concentrated SiNCs, (2) the resulting paper is
fluorescent under UV light (A = 365 nm), (3) nitroaromatic solution is spotted onto the sensing

paper, and (4) quenching of the spot is observed under UV light (A = 365 nm).
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Figure 4-4: Solution spot tests of A) nitroaromatics NB, MNT, and DNT (left to right: 2 pL
aliquots 0f 0.25, 5 and 25 mM, in toluene) or B) toluene (2 pL).

All concentrations tested resulted in complete quenching of the area spotted for every
compound. The results indicate the filter paper is more effective at 0.25 and 5 mM concentration
than solution-phase measurement by the fluorometer where complete quenching at these
concentrations was not achieved. There was no visible difference in the quenched spots for all
concentrations of NB and MNT. It should be noted that a bright is observed ring around the
quenched spots; this could result from limited mobility of the SiNCs in the presence of toluene
(Figure 4-4B). However, DNT displayed a dramatic quenching increase in the area surrounding
the initial spot of the compound. As seen in solution, DNT is the most effective of the
nitroaromatics tested. To further test the application of the filter paper, 25 uL of 0.01 mM solutions
of explosives TNT, RDX, and PETN were spotted onto the filter paper, and the fluorescence was

rapidly and completely quenched for all compounds (Figure 4-5). This study showed the filter
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paper is not only sensitive to nitroaromatics, but also to nitroamines and nitrate esters, and points

to the scope of such this sensor motif in real-world applications.

NO,
o;N NO O;N NO
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Trinitrotoluene Cyclotrimethylenetrinitramine Pentaerythritol tetranitrate

TNT RDX PETN

PETN RDX

Figure 4-5: Images of SiNC coated filter paper under a handheld UV-lamp without the presence
of nitrocompounds and in the presence of solutions of TNT, PETN, and RDX as indicated.

This same filter paper detector can also be applied in the detection of chemical residues.
Placing known quantities of DNT residues (i.e., 4.5, 18.2, 91.1 ng) on cotton swabs and exposing
the filter paper to the residue indicated the present system can detect as little as 18 ng of DNT
(Figure 4-6A). The detection of trace residues of DNT on the surfaces of a plastic tray and cotton
fabric were also tested. Contact of the exposed surface with the filter detection paper resulted in

quenching of the SiNC luminescence (Figure 4-6B-C). Further testing was carried out by wiping
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a gloved finger that had been previously exposed to solid DNT. Pressing the finger onto the paper
successively 4 times resulted in subsequent quenching (Figure 4-7). Although the exact quantity
of DNT residue on the glove decreased with successive printing, the qualitative signal to noise

ratio between the first and last print appears to remain unchanged.?>¢

0 45 182 911
DNT Residue (ng)

)

Figure 4-6: Solid DNT residue testing onto SiNC filter paper by (A) cotton swab tips having
different amounts of DNT, the DNT residue left after visibly brushing off 0.5 mg DNT from a (B)

plastic tray and a (C) cotton fabric, respectively.

1 2 3 4
Amount of Successive Prints

Figure 4-7: Solid DNT residue testing on glove. The gloved finger was “finger-printed”

successively onto the luminescent filter paper up to four times.
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Solid TNT was similarly tested using the glove method, where the contaminated finger was
placed on the luminescent area of the detector paper; the luminescence was quenched where the
finger was placed (Figure 4-8). Of important note, control tests (not shown) with a gloved finger,
an ungloved finger, and a finger of someone who recently smoked a cigarette provided no

quenching.

Figure 4-8: Images of (A) a spotted filter paper with SiNCs, (B) a gloved finger with trace amonts
of solid TNT, (C) application of solid TNT to the coated filter paper, and (D) observed quenching

of luminescent filter paper after contact with the solid TNT residue.

To further explore the versatility of the present detection system for nitro-compounds in
the vapor-phase, indicator paper was exposed to the headspace above NB. Exposure to NB vapors,

completely quenched the SiNCs within 3 minutes (Figure 4-9) and quenching was reversed upon
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exposure to a stream of flowing N2. These results are similar to those reported by Content and
coworkers using hydride terminated porous silicon,?** and confirm the present paper motif offers
detection of nitroaromatics in solution as well as the vapor and solid phases. The paper-based
system may be best adapted as a reliable frontline screening method for on-site detection where
rapid detection of explosives and related compounds could prove useful in areas such as landmines,

airport and border security, etc.>’

A)

B)

)

Figure 4-9: Images of SiNC impregnated filter paper under a handheld UV-lamp (A) without the
presence of nitrobenzene vapor, (B) after quenching with nitrobenzene vapor, and (C) the

quenched filter paper after 2 min in N airstream.

4.3.5 Separation of nitroaromatics via SiNCs coupled to TLC plates by
esterification

While the paper-based system is capable of detecting nitroaromatics, nitroamine, and
nitrate ester compounds, one limitation of the platform is it is not able to separate/distinguish

between the molecules. One possible way to do this is through thin layer chromatography (TLC).
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As previously shown by the Trogler group, luminescent organosilicon copolymers could be
covalently linked to a non-fluorescent silica gel TLC plate, rendering the plate fluorescent, and
subsequently used for the TLC separation of high energy compounds.®>*® Covalent coupling of
SiNCs to a TLC plate could also remove possible mobility problems as seen in Figure 4-4. This
approach of using TLC as a support platform could be applied to SiNCs, however, the surface
functional group would have to be modified from an alkyl chain. An esterification reaction
between carboxylic acid functionalized SiNCs and the hydroxyl groups of a non-fluorescent silica
gel TLC plate would generate a luminescent TLC plate covalently linked to the SiNCs. 1t is
believed that carboxylic acid functionalized SiNCs will still display luminescence quenching when
exposed to the nitroaromatic compounds as carboxylic acid groups have been previously shown to
increase adhesive forces between explosive compounds on solid substrates.>*’

H-SiNCs were first functionalized with pentenoic acid using AIBN as a radical initiator,
resulting in carboxylic acid terminated SiNCs.'*® Surface modification was analysed using FTIR
(Figure 4-10A). The broad -OH stretch at 3500-3000 cm™, the C=O stretch at 1710 cm™ and
occurrence of features at 2930-2845 cm™ and 1475-1405 cm™ of due to -CH, stretching and
bending, respectively, indicate surface modification was achieved.?”> Again, the presence of
stretching at 2250-2100 cm™ and 1086 cm™ result from Si-H, and Si-O, respectively due to
incomplete surface coverage. The resulting SiNCs displayed luminescence with the peak intensity
maximum appearing at 617 nm (Figure 4-10B). The pentanoic acid functionalized SiNCs were
then assessed using TEM (Figure 4-10C). Unfortunately, the SINCs shown in the resulting TEM
image appear to be aggregated. This could be due to the hydrogen bonding interactions between

the carboxylic groups of the SiNCs.
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Figure 4-10: Characterization of pentanoic acid functionalized SiNCs. (A) FTIR spectrum of
SiNCs. (B) Fluorescence spectrum of SiNCs. (C) TEM image of resulting nanocrystals.

The pentanoic acid functionalized SiNCs were then coupled to non-fluorescent TLC plates
via a Steglich esterification reaction (Scheme 4-3) using the experimental setup seen in Figure 4-
11.3%° In brief, non-fluorescent TLC plates (Figure 4-12A) were strung through a metal wire and
hung into a Schlenk flask containing a solution of ~20 mg of SiNCs and 25 mL toluene under an
argon atmosphere. A solution mixture of DCC and DMAP was added to the Schlenk flask under
ice cooling. The reaction mixture was left under ice for 10 min and then at room temperature

overnight. The TLC plates were then washed with dichloromethane and acetone to remove remove
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excess reagents and were dried under vacuum prior to use. The resulting TLC plates were then
observed under a handheld UV lamp (A = 365 nm) and displayed characteristic red-orange
luminescence throughout the plate indicating the SiNCs were anchored on the TLC plate (Figure

4-12B).

The SiNC coupled TLC (SiNC-TLC) plates were then investigated for the separation of
the nitroaromatics MNT and DNT, both at concentration of 0.1 M. The SINC-TLC plates were
first spotted with MNT and DNT in separate lanes and then resolved/developed in a solvent
mixture of CH2Cly:hexanes (1:1). It was observed that both the MNT and DNT moved on the
plate while the SiNCs remained stationary indicating the covalent linkage between the TLC plate
and SiNCs was successful (Figure 4-12C). MNT and DNT were then spotted onto the TLC plate
as a mixture and again resolved with a mixture of 1:1 CH2Cl2:hexanes (Figure 4-12D). The
retention factors (Ry) for MNT and DNT were 0.6 and 0.8, respectively. The difference in Ry
results from the differences in the polarity differences in the structures of MNT and DNT. MNT
has one nitro group in its chemical structure while DNT has two nitro groups. The MNT molecule
was able to move further up the TLC plate than DNT resulting in the differences of R¢ values.
Based on these results and the previous demonstrations that the PL of SINCs quench upon the
addition of TNT, RDX and PETN, it is reasonable to believe this TLC separation will work for

these compounds of interest as well.
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Figure 4-11: Reaction setup for esterification of pentanoic acid functionalized SiNCs to non-

fluorescent TLC plates.
OH OH OH OH OH 0 DCC,DMAP OR TR OR OR OR
N I 0 AR === i A
| |j @ n H 19 h, RT | ﬂ

Non-fluorescent silica gel _
on alumina TLC Plates n=2 0

Scheme 4-3: Steglich esterification of pentenoic acid functionalized SiNCs with non-fluorescent

TLC plates

146



Figure 4-12: UV illumination images of (A) non-fluorescent TLC plate before modification with
SiNCs, (B) luminescent TLC plate after surface modification with SiNCs, (C) multilane image of
developed TLC plate lanes (1) MNT and (2) DNT using a mixture of 1:1 of CH2Clz: hexanes (D)
separation of a mixture of MNT and DNT using a mixture of 1:1 of CH>Cl,: hexanes.

4.4 Conclusions

In conclusion, the present study demonstrates that luminescent dodecyl functionalized
SiNCs are quenched in the presence of nitroaromatic, nitroamine, and nitrate ester explosive
compounds. When tested in solution, the fluorescence intensity decreased with increasing amount
of nitroaromatic introduced. The applicability of these SiNCs was tested by coating them onto a
filter paper to generate a luminescent paper-sensor. The paper-sensor successfully detects
solution, solid and vapor phase nitroaromatic compounds through visualization of fluorescent
quenching under a handheld UV lamp (A = 365 nm). The versatility was further expanded to the
sensing of nitroamines and nitrate esters (i.e., RDX and PETN). The method described here offers

a non-toxic, portable, rapid, and straightforward sensing system for on-site detection of nitro group
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containing explosives. Additional studies were investigated by covalently linking carboxylic acid
terminated SiNCs to non-fluorescent TLC plates rending them luminescent post reaction. These
SiNC anchored TLC plates were then shown to be capable platforms for the separation of MNT
and DNT. Further testing and development using different surface functional groups other than
dodecene could be performed to increase sensitivity and selectivity towards nitroaromatic,

nitroamine and nitrate ester explosives or for the detection of other molecules.
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Chapter 5
Silicon Nanocrystals for the Development of Biogenic

Amine Sensing Platforms.
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5.1 Introduction

The quality control of meat and seafood has gained increasing interest over the years for
both health and economic reasons.>¢!~*%> It has been recently reported by the CBC that some
retailers were changing the labels of food packaging in order to fool the consumer into buying
products that are not as fresh.*** One marker of meat spoilage is the formation of biogenic amines,
which are organic bases that can consist of aliphatic (putrescine, cadaverine, spermidine, spermine,
spermidine), aromatic (tyramine, phenylethylamine) or heterocyclic (histamine, tryptamine)
structures and can been seen in Figure 5-1.%° These compounds are formed by the microbial
enzymatic decarboxylation of amino acids and by amination of carbonyls.>*®**” The consumption
of biogenic amines can lead to food poisoning and hypertension.*® In this context, their detection
is of crucial importance.

Previous methods for detecting biogenic amines include capillary electrophoresis,*®-368

369 and gas chromatography.’’® Unfortunately, these

high-performance liquid chromatography,
methods are not practical for straightforward, rapid and portable detection. An alternative is the
development of luminescence-based detection systems. Previous examples of this include the use

of responsive organic dyes,*’! polymers,*’”> and Ru and Ln complexes,’’* however, limitations of

these materials include photobleaching, cost, and toxicity.
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Figure 5-1: Various types of biogenic amines.

An alternative material to implement for luminescence-based detection of biogenic amines
is silicon nanocrystals (SiNCs). They have been previously implemented in sensing platforms as
described in Section 1.5 and Chapter 4 of this thesis. Rho and Pinizzotto showed the
photoluminescence of porous silicon derived from p- and n-type substrates, as well as silicon
nanocrystallites (obtained via ultrasonic extraction from p-type porous silicon) was quenched in

the presence n-propylamine and ethylenediamine.’’

They proposed the quenching process
resulted from a chelate effect in which the Lewis bases interacted with acidic sites on the silicon

surface. However, photoluminescence lifetime measurements were not reported that would have
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shed light on the possibility of an active electron transfer mechanism. In addition, the silicon
nanocrystallite surface explored consisted primarily of a hydride and oxide surface, prone to
oxidation and not ideal for sensor development. However, this report suggests that SINCs with a
more stable surface ligand could be used as a sensor for aliphatic biogenic amines.

In this study, we investigated the use of SiNCs for the optical detection of aliphatic biogenic
amines. First, solution-based studies implementing SiNCs bearing three different surface groups
(i.e., alkyl oligomer, alkyl monolayer, or ester monolayer) was performed to evaluate which
surface group showed the greatest response upon exposure to a model amine compound (i.e.,
allylamine). Having identified ester monolayer functionalized SiNCs as the preferred candidate,
they were tested in solution for response to aliphatic biogenic amines (i.e., putrescine, cadaverine,
spermidine). The SiNCs were then incorporated into solid-state polymer films as well as a porous
sponge network and explored as potential putrescine vapor sensing media using pure biogenic
amine samples. Finally, the effects raw meat had on the optical properties of the solid-state

supports were evaluated.

5.2 Experimental and Methods

5.2.1 Materials

Commercial hydrogen silsesquioxane (HSQ, trade name FOx-17) was purchased from
Dow Corning Corporation (Midland, MI). Electronics grade hydrofluoric acid (HF, 49% aqueous
solution) was purchased from J.T. Baker. Reagent grade methanol, ethanol, 1-dodecene (95%),
methyl-10-undecenoate (96%), acetone, 2,2'-azobis(2-methylpropionitrile) (AIBN, 98%),
putrescine (98.5%), histamine (97%), spermidine (99%), cadaverine (95%), and allylamine (98%)

were purchased from Sigma-Aldrich and used as received. SYLGARD 184 Silicone Elastomer
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Kit for the generation of polydimethylsiloxane (PDMS) was purchased from Dow Corning and
used as received. Reagent grade toluene (Sigma Aldrich) was dried over molecular sieves (4A)
prior to use. Cover glass slides (48x60 mm) were purchased from Gold Seal. Commercial sugar

cubes (Rogers Sugar, Lantic Inc.) were used directly from the package.
5.2.2 Material Characterization and Instrumentation

Fourier Transform Infrared Spectroscopy (FT-IR) was performed using a Nicolet Magna
750 IR spectrophotometer. Samples were prepared by drop-coating a toluene dispersion of SiNCs
onto a KBr plate. Transmission electron microscopy (TEM) was performed on a JEOL-2010
(LaBs filament) electron microscope with an accelerating voltage of 200 keV using samples of
SiNCs drop-cast onto a holey carbon coated copper grid (300 mesh, Electron Microscopy Science).
Scanning electron microscopy (SEM) was carried out with a JEOL 6301F field emission SEM
operated at an acceleration voltage of 5 kV. Samples were prepared by attaching the solid samples
onto carbon tape.

Photoluminescence (PL) spectra for solution based samples were obtained using a Cary
Eclipse spectrophotometer (Aex = 350 nm). The steady-state spectroscopy PL measurements used
a 405 nm LED operated at a surface power density of ~1.3 W m as the excitation source for vapor
based (i.e., putrescine, water and 100% ethanol) and raw meat studies. Additionally, for vapor
studies, the PDMS prepared samples were placed in a sealed chamber that facilitated controlled
exposure to flowing gases (i.e., putrescine, water or 100% ethanol).

The PL was then collected by an optical fiber (numerical aperture 0.21) passed through a
longpass filter (550 nm) to eliminate scattered excitation light, and collected by an Ocean Optics
mini-USB spectrometer. The spectral response was calibrated using a blackbody light source
(Optics LS1). The PL lifetimes were acquired by illuminating a solution sample in a quartz cuvette
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with an argon ion laser (476 nm, ~30 mW). The laser was modulated by an acousto-optic
modulator operating at 500 Hz. Emission from the SiNCs was channeled into a photomultiplier
(Hamamatsu H7422P-50) connected to a photon counting card (Becker-Hickl PMS-400A).
Lifetime decay data was fit to a stretched exponential function in Mathematica (Version 10) given
by y(¢) = A[exp (-(t/z)’)] + C, where 4 is the initial intensity, 7 is the time decay (basic lifetime), 8

is a stretching parameter that can vary between 0 and 1, and C is an offset.28¢-288

5.2.3 Preparation of oxide-embedded SiNCs

Oxide-embedded SiNCs (dave = 3.5 nm) were prepared using established Veinot group
protocols.!'? Briefly, solid HSQ was placed in a quartz reaction boat and transferred to a tube
furnace, and then heated to 1100 °C in a 95% argon/5% hydrogen atmosphere for 1 h. The
resulting amber colored SiNC/Si0, composite was then crushed using an agate mortar and pestle

and finally shaken with high-purity silica beads using a Burrell Wrist Action Shaker for 12 h.
5.2.4 Preparation of hydride-terminated SiNCs

The SiNC were removed from the oxide matrix by hydrofluoric acid (HF) etching. The
SiNC/SiO> composite (0.4 g) was first placed into a polyethylene terephthalate (PET) beaker
containing a Teflon coated stir bar with 100% Ethanol (4 mL) and water (4 mL) and stirred to
ensure uniform wetting and a brown suspension. A 49 % aqueous HF (4 mL) solution was then
slowly added to the suspension while stirring and left for 1 h. Caution: HF is dangerous and
requires appropriate handling procedures and personal protective equipment. Following a 1 h stir
period, the brown suspension became orange/yellow. The hydrophobic, hydride-terminated
SiNCs (H-SiNCs) were extracted from the aqueous layer using 2 x ~20 mL extractions into

toluene. The obtained SiNC/toluene suspension was then divided equally between test tubes and
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centrifuged at 3000 rpm. After centrifugation, the supernatant was decanted and the H-SiNC
precipitate was immediately used in various functionalization procedures (vide infra) described

below.
5.2.5 Preparation of alkyl oligomer SiNCs

The H-SiNCs obtained from the etching procedure (vide supra) were redispersed into ca.
20 mL of 1-dodecene, transferred into an oven-dried (125 °C) Schlenk flask equipped with a
Teflon coated magnetic stir bar, and attached to an argon charged Schlenk line. The flask was then
evacuated and backfilled with argon three times to remove air from the solution. The solution was
then heated to a temperature of 190 °C and was left stirring for 15 h resulting in a transparent

orange/yellow solution.
5.2.6 Preparation of alkyl and ester monolayer SiNCs

Freshly obtained H-SiNCs from the etching procedure (vide supra) were redispersed into
toluene (ca. 20 mL, pre-dried over molecular sieves (4A)), transferred to an oven-dried (125 °C)
100 mL Schlenk flask equipped with a Teflon coated magnetic stir bar, and attached to an argon
charged Schlenk line. The radical initiator, AIBN (0.061 mmol) and surface ligand of choice (i.e.,
I-dodecene or methyl-10-undecenoate, 0.018 mol) were added to the flask and the reactant mixture
was subjected to three freeze-pump-thaw cycles.!*® The reaction mixture was subsequently heated
to and maintained at 60 °C (AIBN) and stirred for 19 h to yield transparent orange/yellow

solutions.
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5.2.7 Purification and preparation of SINC stock solutions

For alkyl terminated SiNCs, equal volumes (ca. 10 mL) of the orange/yellow solutions
containing functionalized nanoparticles were dispensed into 50 mL polytetrafluoroethylene
(PTFE)centrifuge tubes. A 1:1 methanol:ethanol anti-solvent was added to achieve a total volume
of 50 mL in each tube. This caused the formation of an orange precipitate that was isolated by
centrifugation at 12000 rpm for 0.5 h. The supernatant was decanted and the particles were
redispersed in a minimal amount of toluene (ca. 2 mL) and re-precipitated upon addition of 1:1
methanol:ethanol. This solvent/anti-solvent purification process was repeated twice. Finally, the
purified SiNCs were redispersed in dry toluene (pre-dried over molecular sieves (4A)), and filtered
through a 0.45 um PTFE syringe filter. The resulting SiNCs were then dried under vacuum,
dispersed in toluene to yield a 1 mg/mL suspension and were stored under ambient conditions for
analysis (FTIR, TEM, XPS, and PL) and solution based studies.

For ester monolayer SiNCs, purification was achieved by implementing a variation of
solvent/anti-solvent method described above. In this case, hexane was used as the anti-solvent.
Finally, the purified SiNCs were redispersed in dry toluene (pre-dried over molecular sieves (4A)),
filtered through a 0.45 ym PTFE syringe filter, and dried under vacuum. The SiNCs were finally
dispersed in toluene to generate a 1 mg/mL stock solution and stored under ambient conditions for

analysis (FTIR, TEM, and PL) and use for solution based studies and PDMS incorporation.
5.2.8 PDMS film containing ester monolayer functionalized SiNCs

A PDMS film containing ester monolayer SiNCs were added in a ratio of 1 mL of SiNCs
(1 mg/mL) to 3 mL of the PDMS elastomer based and mixed (the luminescence appeared to be

homogenous throughout the mixture when viewed atop a benchtop UV lamp, A=365 nm), followed
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the addition of 0.3 mL of the curing agent. The ratio of base to curing agent (10:1) was followed
as per the supplier instructions listed on the bottle. The obtained mixture was then drop coated on
a glass slide (pre-treated with 100% ethanol to remove impurities from the surface) and left to cure
for 24 h (as directed by supplier). The resulting film displayed red-orange luminescence when
exposed to a hand held UV lamp (A=365 nm). The luminescent film was stored in a petri dish
under ambient conditions for analysis (SEM, luminescence) and future use (vapor and raw meat

studies).
5.2.9 PDMS sponge containing ester monolayer functionalized SiNCs

First, a homogenous mixture of ester terminated SiNCs and PDMS was prepared as
described in section 5.2.8. The freshly prepared solution mixture was then drop coated over a
sugar cube (template) that had been placed in a quartz reaction boat. The mixture was absorbed
into the pores of the sugar cube (evaluated qualitatively) and the quartz boat was transferred to a
tube furnace, and heated to 120 °C in a 95% argon/5% hydrogen atmosphere for 15 min.>”> After
cooling to room temperature, the PDMS/sugar cube material was then placed in a beaker of
deionized water for 24 h to dissolve and remove the sugar cube template from the PDMS. The
water was changed twice during this process. The resulting material was then dried under a high
vacuum Schlenk line to remove any trace water. The final obtained material displayed red-orange
luminescence when exposed to a hand held UV lamp (A=365 nm) and stored in vials under ambient

condition for analysis (SEM, luminescence) and future use (vapor and raw food studies).
5.2.10 Solution Phase PL Studies of Titrations of SINCs with Amines

Stock solutions of allylamine, puterscine, cadaverine, and spermidine were prepared in

toluene at various concentrations (i.e., 0-5 M, allyamine, 0-100 ppm, putrescine, cadaverine, and
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spermidine). The SiNC stock solutions prepared as outlined above were first titrated with
allylamine. This was achieved by adding a known volume (i.e., 300 puL) of SiNC stock solution
to a predetermined volume of amine solutions of a known concentration. The resulting solutions
mixtures consisted of allylamine concentrations in the range of 0 to 0.5 M. The photoluminescence
of these mixtures were evaluated and ester monolayer functionalized SiNCs were used for the
titration of the biogenic amines (i.e., putrescence, cadaverine and spermidine), and evaluated after

one minute of exposure.
5.2.11 Vapor Phase Studies Experimental Setup

To investigate the luminescent response of PDMS films or sponges containing SiNCs, a
custom chamber (Figure 5-8 below) was designed and built. It has the capacity to deliver amine
vapor from a bubbler to a sealed gas chamber containing the PDMS/SINC substrates. An argon
gas cylinder was attached to quarter-inch poly-vinyl chloride (PVC) tubing that was split into two
lines with independent flow controllers. Line 1 passed through a bubbler containing the solution
phase analyte of interest (i.e., putrescine, 100% ethanol, or distilled water). For putrescine
measurements, the bubbler was submerged in a water bath maintained at 27 °C (melting point of
putrescine). Line 2 did not pass through the bubbler and carried only argon gas. The two lines
flowed into the sealed gas chamber containing the PDMS film or sponge containing SiNCs.

The PL response was collected by an optical fiber (numerical aperture 0.21) coupled
directly into the sample chamber. The fiber was also passed through a 550 nm longpass filter to
eliminate scattered excitation light and brought to an Ocean Optics USB spectrometer. The
spectrometer was calibrated by a blackbody light source (Ocean Optics LS1) prior to PL

measurement collection.
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5.2.12 PDMS film or sponge containing SiNCs luminescence studies with Ar
vapor

A sample of PDMS film or sponge containing SiNCs was placed in the sealed gas chamber
and exposed to argon vapor (4 L/min) for a period of 60 min while under continuous excitation
from the LED (405 nm, surface power density of 3.3 W m2). The luminescence spectrum was
collected every 3 seconds during this time period. The results were then analyzed as a function of
the temporal change of maximum PL intensity.
5.2.13 PDMS film or sponge containing SiNCs luminescence bleaching and
recovery studies

A sample of PDMS film or sponge containing SiNCs was placed in the sealed gas chamber
and exposed to argon vapor (4 L/min) for 60 min. Throughout this period, the LED (405 nm
surface power density of 3.3 W m2) excitation source was cycled on and off periodically every 10
min, with the excitation source turned off during first 10 min of collection time. The luminescence
spectrum was collected every 3 seconds during this time period. The spectral response (i.e.,
maximum PL intensity) was evaluated as a function of time.
5.2.14 PDMS film or sponge containing SiNCs luminescence studies with
putrescine vapor

A sample of PDMS film or sponge containing SiNCs was placed in the sealed gas chamber
and exposed to Ar vapor (4 L/min) for a period of 20 - 30 min to account for any possible
photobleaching from the excitation source prior to putrescine vapor exposure. After 20 - 30 min
interval, the Ar vapor line was closed, and the putrescine vapor line was opened (4 L/min) for 40

min under excitation from the LED (405 nm, surface power density of 3.3 W m?). The
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luminescence spectrum was collected every 3 seconds during this time period. The results were
then analyzed as a function of the change of maximum PL intensity over time.
5.2.15 PDMS film or sponge containing SiNCs luminescence studies with
water or ethanol vapor

A sample of PDMS film or sponge containing SiNCs was placed in the sealed gas chamber
and exposed to Ar vapor (4 L/min) for 15 min to account for any possible photobleaching from
the excitation source prior to analyte (water or 100 % ethanol) exposure. After the 15 min interval,
the Ar vapor line was closed, and the analyte vapor line was opened (4 L/min) for 20 min under
excitation from the LED (405 nm, surface power density of 3.3 W m™). The luminescence
spectrum was collected every 3 seconds during this time period. The results were then analyzed
as a function of the change of maximum PL intensity over time.
5.2.16 PDMS film or sponge containing SiNCs luminescence studies after
exposure with raw food

A sample of PDMS film or sponge containing SiNCs was placed atop 1 g of raw meat
aliquots (i.e., pork, chicken, salmon, and pickerel) in vials. Two samples for each type of meat
were prepared: one stored for 4 days at room temperature and the second stored for 4 days at 4 °C
in the refrigerator. The PL of the PDMS samples were monitored after 0, 1, 2, 3, and 4 days of
raw meat exposure by placing the sensor in a sample holder than exposing it to a LED (405 nm,
surface power density of ~3.3 W m?). The PL was then collected by an optical fiber and passed
through a 550 nm longpass filter to eliminate scattered excitation light and brought to an Ocean

Optics mini-USB spectrometer.
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5.2.17 Visual Monitoring SiNC to Raw Meat

A sample of PDMS film or sponge containing SiNCs was placed on top of 1 g of raw meat
aliquots (i.e., pork, chicken, salmon, and pickerel) and wrapped in commercial plastic wrap. The
samples were then placed in a cardboard box to block out as much surrounding light as possible.
A handheld UV light (A =365 nm) and digital camera (Canon PowerShot ELPH 300 HS, equipped
with a 550 nm longpass filter over the lens) were clamped above the samples for monitoring.
Photographs of the samples after 0 and 24 h of exposure of the PDMS substrates to the meat were
taken under UV light (A =365 nm). Note: The UV light was only turned on while the photograph
was being acquired. The digital photographs were split into red, green, and blue components using

Image J software. The red component was then evaluated qualitatively for PL intensity changes.

5.3 Results and Discussion

H-SiNCs were first prepared by a well-known procedure established in the Veinot
Laboratory.!'? The H-SiNCs were then further modified with three surface groups: alkyl oligomer,
alkyl monolayer, or ester monolayer termination. The alkyl oligomer SiNCs were obtained by
combining H-SiNCs and 1-dodecene in a Schlenk flask under an argon atmosphere, degassed, and
heated to 190 °C for 19 h. To achieve alkyl monolayer and ester monolayer SiNCs, H-SiNCs were
combined with 1-dodecence or 10-methyl-undecenoate and AIBN (0.061 mol) in toluene under an
argon atmosphere and heated to 60 °C for 19 h.'*® Surface modification was evaluated using FT-
IR (Figure 5-2A). The FTIR spectra for all three surface functionalized SiNCs investigated show
features at 2921 - 2850 cm ™! and 1300 - 1450 cm ™! consistent with C-H, stretching and bending,

1

respectively.!#?37¢ A signal at 1736 cm ™! was observed corresponding to C=O stretching for ester

1

monolayer functionalized SiNCs.?%?°2  Additional features appearing at ~1130-1000 cm™' and
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2100 cm! related to Si-O and Si—H, stretching, respectively, are consistent with incomplete
surface coverage, and were observed for all three surface functionalities.?>* The PL spectra of all
3 surface groups can be seen in Figure 5-2B, with the peak intensity maxima occurring at 672,
723, and 663 nm for alkyl oligomer, alkyl monolayer, and ester monolayer functionalized SiNCs,
respectfully, consistent with band gap emitting SiNCs.?® Minor differences in luminescence
maximum amongst the three surface groups could be attributed to a different degree of surface
oxidation and slight variation in particle size. The particle size of all SiINCs was evaluated using
TEM (Figure 5-3). The brightfield images show all SINC samples were all pseudospherical with
average diameters of 3.7 + 0.4, 3.4 £ 0.9, and 4.1 + 1.1 nm for alkyl oligomer, alkyl monolayer,

and ester monolayer functionalized SiNCs, respectively.
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Figure 5-2: FT-IR (A) and photoluminescence (B) spectra for 1) alkyl oligomer, ii) alkyl

monolayer and iii) ester monolayer functionalized SiNCs.
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Figure 5-3: TEM and particle size distribution for alkyl oligomer (A-B), alkyl monolayer (C-D),
and ester monolayer (E-F) functionalized SiNCs. Note: Particle size histograms were assembled

by counting 200 SiNCs through the longest diameter present with Image J software.

To qualitatively evaluate the appropriateness of SiNCs bearing different surface groups,
stock solutions (I mg/mL in toluene) of alkyl oligomer, alkyl monolayer, or ester monolayer
functionalized SiNCs were titrated with the model biogenic amine allylamine to achieve final
amine concentrations ranging from 0.00 - 0.5 M. Figure 5-3 shows all SiNCs examined displayed
a decrease in the luminescent intensity proportional to the concentration of allylamine added (i.e.,
the higher the allylamine concentration, the more efficient the quenching). However, the extent
of the quenching varied depending on the SiNC surface. Qualitatively, the alkyl oligomer

functionalized SiNCs are least responsive (Figure 5-4A), the alkyl monomer SiNCs is intermediate
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(Figure 5-4B), and the ester terminated SiNCs are most responsive (Figure 5-4C). While both
alkyl-based surfaces respond to amine exposure, it is reasonable the oligomeric species may
prevent access of the allylamine molecule to the SINC surface, thus limiting the interactions that
induce luminescence quenching.”> This finding is consistent with the recent work of Nguyen and
coworkers that showed alkyl oligomer functionalized SiNCs can be less responsive in sensing
analytes of interest when an electron quenching mechanism is involved.??® The ester monolayer
functionalized SiNCs displayed the greatest spectral response toward alylamine with a marked
quenching at the highest allylamine concentration (0.5 M). This behavior may arise because the
ester surface moieties that may promote interaction with allylamine. For example, oxygen atoms
may participate in H-bonding with the amines. Such interactions could increase the effective
amine concentration and the probability of amine molecules reaching the SiNC surface; this would
be expected to promote processes such as electron transfer or fluorescence resonance energy
transfer. In addition to decreased PL intensity, the photoluminescence maximum of ester
monolayer modified particles blue-shifted. This spectral shift may arise because of direct
modification of the SiNC surfaces by allylamine. Similar, although more pronounced, spectral
changes have been noted when red-emitting hydride-terminated SiNC surfaces have been exposed
to amines.'? In addition, surface accessibility on ester modified SINCs may be enhanced because
particles prepared in this way possess at least 10% less surface coverage than equivalent alkyl
functionalized SiNCs (See Chapter 2).'*® Based on these initial experiments, all future

experiments were performed using ester monolayer functionalized SiNCs.
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Figure 5-4: Photoluminescence quenching spectra of SiNCs functionalized with A) alkyl
oligomer, B) alkyl monomer, or C) ester monolayer by increasing concentrations of allylamine in

solution in the range of 0 and 0.5 M.

In an attempt to interrogate the mechanism of luminescence quenching, solutions of ester
monolayer functionalized SiNCs (1 mg/mL) were titrated with the biogenic amines (i.e.,
putrescine, spermidine and cadaverine) with final concentrations ranging from 0 - 100 ppm (Figure
5-5). As expected, the addition of the biogenic amines induced quenching of the SiNC
luminescence that increased with amine concentration. Somewhat surprisingly, putrescine and

spermidine caused no shift in the luminescence maxima or line shape of the spectra. In contrast,
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higher concentrations of cadaverine caused the appearance of an additional luminescence feature

at 400 nm. This may be attributed to the direct modification of the SiNC surfaces by cadaverine

or the luminescence of the toluene solvent (Figure 4-2A).
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Figure 5-5: Photoluminescence quenching spectra of SiNCs with increasing concentrations of (A)

putrescine, (B) spermidine, and (C) putrescine (D) A Stern-Volmer plot for the quenching

efficiencies of putrescine, spermidine and cadaverine.
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The quenching behavior resulting from the addition of putrescine, spermidine, or

cadaverine to solutions of SiNCs was assessed by using the Stern-Volmer equation:
I/I[=K[Q] +1

Where, Ip and I are the fluorescence intensity in the absence and presence of the amine compounds,
respectively. [Q] is the concentration of the amine of interest, and Ky is the fluorescence
quenching constant. Figure 5-5D displays the relationship of Io/I vs. biogenic amine molecule
(i.e., putrescine, spermidine, cadaverine) concentration in the concentration range of 0.5 - 100
ppm. The linear behaviour in the range of 0.5 - 5 ppm of putrescine, spermidine, and cadaverine,
indicates the quenching may be resulting from a dynamic process such as electron transfer.”?3
In the case of an electron transfer quenching mechanism, it is reasonable that an electron from the
amine group (electron donor) could transfer to the vacant hole in the conduction band of the SiNCs

(electron acceptor), preventing the recombination of the electron-hole pair, and finally resulting in

luminescence quenching (Scheme 5-1).377378

360 nm
CB
Si Biogenic
VB \—h'——h<& '
hv

Scheme 5-1: Proposed electron transfer quenching mechanism of SiNCs by biogenic amine
compounds, were ¢, h*, CB and VB represent an electron, hole, conduction band and the valance

band, respectively.
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The Ky values (Table 5-1) determined from this analysis are 0.11, 0.12, and 0.19 ppm! for
putrescine, cadaverine, and spermidine, respectively. This trend can be tentatively related to the
chemical structures of the biogenic amines investigated. Spermidine has one additional nitrogen
than putrescine and cadaverine that could increase its quenching efficiency leading to its higher
Ks. The putrescine and cadaverine molecules only very slightly resulting in near-identical Ky

values.

Table 5-1: The determination of Ksy, (ppm™) and the limit of detection (ppm) based on the Stern-
Volmer analysis of photoluminescence quenching in ester monolayer functionalized SiNCs after
exposure to biogenic amines. Also shown is the reported oral toxicity levels®*” for comparison to

limit of detection.

Biogenic Ksv Linear Limit of detection Reported Oral
Amine @pm!) | Regression (ppm) toxicity levels
R? (ppm)*”®
Putrescine 0.11 0.969 8.4 2000
Cadaverine 0.12 0.939 7.9 2000
Spermidine 0.19 0.982 4.9 600

The excited state luminescent lifetime of the ester monolayer functionalized SiNCs was
evaluated as a function of biogenic amine (i.e., putrescine, spermidine, cadaverine) concentration.
If no change in the PL lifetime is detected upon addition of the quenching analyte, it suggests the
quenching mechanism is static and may be caused by the formation of a ground state nanoparticle-

analyte complex.’? Alternatively, if the luminescence lifetime decreases the process is deemed
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dynamic, and occurs because of additional deactivation pathways (e.g., electron transfer).>>> For

the present system, increasing the concentration of the biogenic amine compounds resulted in a

decrease of lifetimes (Table 5-2). These results (Table 5-2) were plotted as 1o/t vs. biogenic amine

concentration where 1, and t are the luminescence lifetimes in the absence and presence of

biogenic amine compounds, respectively (Figure 5-6). Unfortunately, due to time and instrument

availability, only one data set was collected, as opposed to at least 3 trials. While no linear

relationship was observed during this initial trial, the general observation is the luminescence

lifetimes decrease with biogenic amine concentration providing additional evidence the quenching

mechanism follows a dynamic electron transfer process (Scheme 5-1).

Table 5-2: Luminescence lifetimes of SiNCs after exposure to biogenic amines (i.e., putrescine,

spermidine, cadaverine) in the concentration range of 0.5 - 5 ppm.

Concentration 0 0.5 1 2.5 5
(ppm)
Putrescine 37.05 | 35.27 | 36.16 | 36.97 | 34.66
T (usec)
Spermidine 37.05 | 37.20 | 36.54 | 35.89 | 34.06
T (usec)
Cadaverine 37.05 | 37.29 | 36.08 | 35.31 | 33.21
T (usec)
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Figure 5-6: The Stern-Volmer plot for the quenching efficiencies of putrescine, spermidine and

cadaverine at different concentrations.

The solution limit of detection (LOD) for luminescence quenching of the ester monolayer
functionalized SiNCs by putrescine, spermidine and cadaverine in the range of 0.5 - 5 ppm were
determined using the 3o criteria and are 8.4, 7.9 and 4.9 ppm for putrescine, cadaverine, and

333354 Again, the NC luminescence was most sensitive to spermidine.

spermidine, respectively.
These LOD values far exceed the oral toxicity levels for putrescine, spermidine, and cadaverine
(i.e., 2000, 600, 2000 ppm, respectively) suggesting the present NCs may be a promising candidate
for sensing motifs.>”’

If the present ester monolayer functionalized SiNCs are to find practical applications in
areas such as food packaging, a solid-state substrate suitable for vapor detection must be

developed. In this context we evaluated polydimethylsiloxane (PDMS), as a non-toxic, inert, and

non-flammable polymer support.’®® To incorporate the SiNCs into the polymer, two polymer
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morphologies were explored: 1. PDMS films containing SiNCs and 2. PDMS sponges containing
SiNCs (Scheme 5-2).27 It was expected that differences in response of these two morphologies

would result from changes in porosity.’”®

To prepare the polymer precursor mixtures, ester
modified SiNCs were homogenously mixed with the commercial PDMS elastomer base, followed
by the addition of the curing agent. This mixture was drop coated onto a glass slide/membrane
and cured for 24 h to produce a film (Scheme 5-2A) or was integrated into the pores of a sugar
cube template and heated (Scheme 5-2B).>”> The sugar cube template was subsequently removed
upon dissolution with distilled water, and the PDMS material was dried in vacuum. The resulting
PDMS structure consisted of a sponge-like network of pores (Scheme 5-2B). Both the PDMS film
and PDMS sponge displayed characteristics of SINC red-orange luminescence when exposed to a
benchtop UV lamp (A = 365 nm, Figure 5-7A-B). SEM analysis of the structures (Figure 5-7C-

D) indicated the film was uniform (Figure 5-7C) while the sponge consisted of a porous network

(Figure 5-7D).

- S| ;
120 °C, 95% Ar, 5% H, g H,0
15 min : 24h
—

Scheme 5-2: Preparation of A) PDMS films containing SiNCs and B) PDMS sponges containing
SiNCs.

Sugar Cube
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Figure 5-7: Photoluminescence spectra of PDMS A) film and B) sponge containing SiNCs. Insets
are images of materials upon exposure to a benchtop UV lamp. SEM images of PDMS C) film

containing SiNCs and D) sponge containing SiNCs.

The two structural motifs of PDMS/SINC hybrids were evaluated as potential amine
sensing materials using a custom apparatus consisting of two independent gas lines carrying the
amine of interest and argon gas feeding into a sealed gas chamber (Figure 5-8). The PDMS SiNC
hybrids were placed in the gas chamber, exposed to a LED excitation source (405 nm), and the
luminescence was collected by a fiber after passing through a 550 nm long pass filter. Both
structural motifs were evaluated under an argon gas flow rate of 4 L/min (Figure 5-9A-B) a non-

linear decrease in the luminescence intensity that stabilized within 20 - 30 min. This decrease in
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PL intensity may result from photobleaching or emission intermittency (also known as “blinking”).
Photobleaching in quantum dots is the permanent loss of emission after continuous illumination
by a light source over time and is usually confined to their absorption region.>3!-*%* Blinking is the
switching of a quantum emitter between bright (on) and dark (off) states or even between more
states when continuously illuminated.33-385-386

To further investigate the PL intensity over time during irradiation and excitation of the
LED, the LED excitation source was turned off and on in ten min increments under an argon gas
flow rate at 4 L/min for a period of 60 min (Figure 5-9C-D). For both motifs, the luminescence
intensity would decrease during LED exposure and then partially recover after the LED was turned
off. These observations suggest the LED may be causing both photobleaching and blinking.
Unfortunately, evaluating the absorption of PDMS/SiNCs is non-trivial (i.e., the spectrum is
featureless), thus preventing definitive determination of photobleaching. The luminescence
recovery noted may be attributed to blinking where the emitter was falling into a trap state that

caused the emitter to stay in the off state for a very long time during irradiation time and was

eventually recovered when the source was off. 3%
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Figure 5-8: Custom vapor sensing experimental setup. The bubbler filled with analyte of interest
is connected to a carrier gas (argon), that is then passed through the gas chamber holding the PDMS
film sponge containing SiNCs sensor. The sensor is excited by the LED (A = 405 nm) and the
luminescence is first passed through a longpass filter (A = 550 nm) before collection by the optical

fiber.
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Figure 5-9: PDMS A) film B) sponge containing SiNCs luminescence intensity after exposure to
LED excitation source (405 nm) under argon gas (4 L/min). PDMS C) film D) sponge containing

SiNCs luminescence intensity over time after exposure to LED excitation source in 10 min

intervals under argon gas (4 L/min).
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The PDMS/SINCs were then tested for sensitivity toward the vapors of biogenic amine.
For these measurements, putrescine was chosen as the biogenic amine of interest. To account for
the changes in PL response noted above, the PDMS/SINC substrates were exposed to LED
excitation prior to introduction of putrescine vapor (i.e., 20 min for film and 30 min for sponge).
After vapor introduction, the luminescence intensity of both samples decreased (Figure 5-10A-B)
and levels off after ~ 5 min of exposure. This may be the result of surface saturation. A similar
biogenic vapor response in which the fluorescent quenching occurs within the first 50 sec of
exposure to a thin film sample has been previously reported.>”” In order to estimate the change of
luminescence induced by the putrescine vapor, a line of best fit was performed (Figure 5-10A-B).
The change in intensity was determined by the following equation:

Alntensity = Lyeqs(x min) — I.4;.(x min)

Where Alntensity is the change in intensity, Imeas 1S the intensity measured at the time of putrescine
introduction and Leac is the intensity calculated from the line of best fit at the time of putrescine
introduction. The Alntensity for the PDMS film and PDMS sponge containing SiNCs are 0.057
and 0.017, respectively. These preliminary studies indicate that both types of solid-state substrate
are responsive towards putrescine vapor and paves the way for future investigation of the influence

of pore size.
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Figure 5-10: PDMS film (A) and PDMS sponge (B) containing SiNCs luminescence intensity
over time after exposure to putrescine vapor (4 L/min). The line of best fit of PDMS film (A) and
PDMS sponge (B) is shown as the black line.

In addition to exploring the impact of biogenic amines on PL response, possible interferents
(i.e., water and 100% ethanol vapors) were examined using the same protocols applied to biogenic
amines on the PDMS substrates. Figure 5-11 shows the response to water and ethanol vapor.
Qualitatively, the sponge motif PL was affected more than that of the film. However, variations
in sample thickness preclude a quantitative analysis. It has been previously shown that the
introduction of water or ethanol vapors to SiNCs can cause quenching or blue-shifts of the PL

maxima, therefore these results are not completely unexpected.?04231:320.387.388
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Figure 5-11: PDMS film (A) and PDMS sponge (B) containing SiNCs luminescence intensity
over time after exposure to water vapor (4 L/min). PDMS film (C) and PDMS sponge (D)
containing SiNCs luminescence intensity over time after exposure to 100 % ethanol vapor (4
L/min). The dashed red line indicates the time at which water or ethanol vapor was introduced

into the system.

While the present PDMS/SiINC hybrids are not optimized, it is useful to qualitatively
evaluate their response upon exposure to raw meat. To do so, raw meat pieces (i.e., salmon,
pickerel, pork or chicken, 1 g) were placed in a vial with a small piece of PDMS/SiNC substrate
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and sealed. The samples were stored at room temperature or in the fridge (4 °C) and the
luminescence response of the substrate was recorded once a day over a period of 4 days. The
results of this preliminary study are presented in Figure 5-12.

It was anticipated that room temperature raw meat samples would have a quenching effect
on the PL of the PDMS substrates indicating the formation of biogenic amines and quenching
efficiency would increase with aging. Conversely, the samples kept in the fridge would not spoil
(as rapidly), therefore no (or minimal) generation of biogenic amines would occur, and the PDMS
substrates PL would remain unaffected. A similar study by the Swager group previously showed
this trend using chemiresisitve detectors.>® Unfortunately, no clear trends were noted. There are
many factors that could have led to this result. For example, PDMS substrates may not be selective
for biogenic amines, water could be impacting the PL, the luminescent NCs may not be uniformly
distributed in the substrate, sampling errors, efc. Due to the complexity of the results and poor
sensing performance, the experiment was not repeated, and no statistical analysis was performed

or shown in Figure 5-12.
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Figure 5-12: PDMS film (A) and PDMS sponge (B) containing SiNCs maximum luminescence
intensity over period of 4 days at room temperature after raw food exposure. PDMS film (C) and
PDMS sponge (D) containing SiNCs maximum luminescence intensity over period of 4 days at 4

°C after raw food exposure.

Since the first trial of the PDMS substrates resulted in inconclusive results that may be
attributed to experimental setup, an alternative method was used to evaluate the response of the
PDMS substrates to raw meat over a 24-hour time period. In this setup, the PDMS substrates

(films or sponges) were placed directly on top 1 g aliquots of raw meat (i.e., pork, salmon, chicken,
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beef or pickerel) and wrapped in commercial polyethylene plastic wrap to mimic store packaging
of meat (Figure 5-13). A digital camera (equipped with a 550 nm longpass filter over the lens)
was positioned and clamped above the samples to collect photos of the PDMS substrates at 0 and
24 h of exposure to meat at room temperature. A hand held UV lamp (A = 365 nm) was also
positioned slightly above the samples and was only turned on at the time of photo collection.
Photos were taken at either ambient or UV light at 0 and 24 hours of sample exposure to raw meat.

Sensing of biogenic amines through digital camera images by studying the red-green-blue
readouts have been previously reported.>*® This concept has also been extended to SiNC PL
intensities under UV light by Ngyuen and coworkers to study nitroaromatic quenching on paper
substrates.”?® Therefore, this idea was applied to the current system (Figure 5-13) in which the
digital image acquired under UV light was split into the red-green-blue components, with
evaluation of the red component. It could be seen in Figure 5-13 that there was a decrease in the
PL of the PDMS substrates over the 24 h period for all samples examined. However, this PL
change was also observed in the blank samples, indicating the generation of biogenic amines may

not be causing the PL quenching selectively.
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Figure 5-13: Digital images of PDMS film and PDMS sponge containing SiNCs substrates
exposed to raw pork, salmon, chicken, beef or pickerel for 0 - 24 h at room temperature. (Note:

Ambient light passed through 550 nm filter, UV light, A=365 nm)

5.4 Conclusions

SiNCs of various surface groups (i.e., alkyl oligomer, alkyl monolayer, and ester
monolayer) were first tested for possible luminescence quenching with allylamine. It was
determined the ester monolayer functionalized SiNCs displayed the greatest response towards this
amine molecule and used for biogenic amine studies. Solution based photoluminescence studies
indicated that the quenching proceeds via an electron transfer mechanism. The solution based
LODs were determined to be 8.4, 7.9 and 4.9 ppm for the biogenic amines putrescine, cadaverine,
and spermidine, respectively, indicating SiNCs of interest for the development of a possible sensor.

The SiNCs were then successfully incorporated into PDMS film and sponge substrates and then
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were further used to study the detection of putrescine vapors and raw food monitoring. It was
found that the PDMS samples displayed quenching in the presence of putrescine vapor, however,
a response towards water and ethanol vapors were also observed, indicating the created sensor was
not selective. Furthermore, when testing the measured PL of PDMS substrate samples upon
exposure to raw food, no correlation could be found between the samples at room temperature and
at 4 °C. When measuring the PL response of the PDMS samples with a digital camera, a PL
quenching response was also observed. However, this response was also observed for PDMS
samples that were not exposed to raw meat under the sample conditions, again, indicating the
current system is not selective towards biogenic amines. While these materials may be promising
for biogenic amine sensors for food packaging, further investigation is still needed to overcome

experimental setup concerns, as well as the influence of common interferents such as water vapor.
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Chapter 6
Conclusions and Future Directions
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6.1 Conclusions

Quantum dots (QDs) have proven to be a major advancement in the field of materials
science, due to their optical properties. However, there is a need for abundant and non-toxic QDs.
Less toxic, luminescent silicon nanocrystals (SiNCs) may be the solution. However, the surface
chemistry of SiNCs is far less developed than that of other QDs, limiting the examples of
incorporation of these materials into prototype devices such as sensors. The aim of the research
outlined in this thesis was to explore the surface chemistry and potential sensing capabilities of
SiNCs. The work presented in Chapters 2 and 3 explored the surface functionalization of SiNC
surfaces either through the use of thermal radical initiators or a commercially available compact
fluorescent light source, while Chapters 4 and 5 investigated the development of potential sensing
platforms based upon SiNCs.

Chapter 2 provided an investigation of the functional group tolerance of the thermal radical
initiated hydrosilylation of SiNCs method using two common thermal radical initiators (i.e., 2,2'-
azobis(2-methylpropionitrile) (AIBN) and benzoyl peroxide), and a series of alkene or alkyne
terminated ligands (i.e., 1-dodecene, 1-octyne, methyl-10-undecenoate, styrene, pentenoic acid
and phenylacetylene). This approach resulted in the successful hydrosilylation of SiNCs under
mild reaction temperatures (60 - 85 °C) and was shown to be size independent (SiNCs d = 3, 6, or
9 nm). An additional benefit of this method, was the formation of monolayer passivated surfaces.
These conditions are advantageous when compared to that of thermal hydrosilylation (requires
temperatures > 150 °C, formation of oligomeric surfaces)!*® and photochemical hydrosilylation
(not effective for larger SiNCs).!**  Reducing the reaction temperature allows for the
hydrosilylation of SiNCs with lower boiling point ligands and opens the door for expanding the

surface chemistry of SiINCs. Furthermore, monolayer passivated SiNCs would be advantageous
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in the development of sensing systems where processes like electron transfer rely on close
proximity of the analyte to the SINC core to occur.'> In contrast to the work done by Moran and
Carter where AIBN was used for the polymerization of monomers, followed by grafting of the
polymer onto silicon surfaces,?3* we showed through the use of the radical trap 2,2,6,6-tetramethyl-
I-piperidinyloxy (TEMPO), that AIBN promoted the abstraction of the SiNC surface hydride.

Chapter 3 investigates the functionalization of SiNCs with S-S bond containing molecules
(i.e., lipoic acid and dibutyl disulfide) through the use of a commercial fluorescent light source (18
W). The mild reaction conditions (fluorescent light, no heat) used generated monolayer (dibutyl
disulfide) or oligomer (lipoic acid) Si-S passivated surfaces, however, differences were observed
between the two ligands investigated. For example, SiNCs of sizes d = 3, 6, or 8 nm were
investigated and lipoic acid was successfully attached for all SiNCs sizes investigated. However,
reactions with dibutyl disulfide were only successful for smaller SINCs (d =3 or 6 nm). Another
observation related to SINC size was the length of time required for complete reaction. Reactions
involving lipoic acid require reaction times of 90 - 120 min, 90 - 150 min, and 24 - 36 h those
involving 3, 6, and 8 nm SiNCs, respectively. Alternatively, reactions using dibutyl disulfide
occurred within 60 - 120 min and 9 - 12 h for 3 and 6 nm SiNCs, respectively. While it is
reasonable longer reaction times would be required for increasing particle size, the cause for the
observed time range in which reactions proceeded is still unknown. We postulate the reaction
proceeds first by cleavage of the S-S bond by the fluorescent light source, generating two thiyl
radicals which could then abstract a surface hydride.'®® The resulting siyl radical could than
combine with thiyl radicals in solution to generate Si-S surface bonds.

The development of a paper-based SiNC sensor was described in Chapter 4. Dodecyl

functionalized SiNCs prepared via thermal hydrosilylation were tested for their optical response
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toward nitroaromatics (i.e., nitrobenzene (NB), mononitrotoluene (MNT), and dinitrotoluene
(DNT)) in solution. The addition of any of the tested nitroaromatics resulted in a proportional
decrease in luminescence intensity and lifetime with increasing concentration of nitroaromatics.
Based on these observations, it was proposed the luminescence quenching mechanism was caused
by the electron transfer from the SINC conduction band to the vacant * orbital of the nitroaromatic
compound. To take further advantage of the SiNC luminescence quenching caused by the
introduction of nitroaromatics, a paper-based sensor was developed by dip-coating a piece of filter
paper into a solution containing SiNCs. The resulting paper was then shown to be responsive
towards vapor, solutions and solid nitroaromatics. Of particular interest was the observation of
the sensor to quench in the presence of known explosive compounds (i.e., trinitrotoluene (TNT),
nitramine cyclotrimethylenetrinitramine (RDX) and the nitrate ester pentaerythritol tetranitrate
(PETN)). The method developed here offers a non-toxic, portable, rapid, and straightforward
sensing system for on-site detection of nitro group containing explosives. Further investigation
into the use of SiNCs for explosive detection was conducted by covalently linking carboxylic acid
terminated SiNCs to non-fluorescent thin layer chromatography (TLC) plates to obtain
luminescent TLC plates. These SINC-TLC plates were able to separate MNT and DNT, an
advantage over the dip-coated paper-based sensor which cannot distinguish between compounds
of interest.

Finally, the investigation of the use of SiNCs for the detection of biogenic amines was
explored in Chapter 5. After initial screening of SiNCs with three difference surface groups (i.e.,
alkyl oligomer, alkyl monolayer, or ester monolayer) toward model amine compound, allyamine,
the ester monolayer functionalized SiNCs displayed the most significant quenching response.

These SiNCs were further tested for their response towards aliphatic biogenic amines (i.e.,
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putrescine, cadaverine, spermidine) in solution. Both luminescence intensity and lifetime
decreased with the addition of biogenic amines, and it was proposed an electron was being
transferred from the biogenic amine to a vacancy in the valence band of the SiNCs. To further
evaluate the SiNCs for the detection of amine vapors for the future development of food packaging
sensors, the ester monolayer functionalized SiNCs were incorporated into either porous or non-
porous (polydimethylsiloxane) PDMS supports. While studies conducted with the prepared
PDMS sensors with putrescence vapors displayed a decreased in luminescence intensity, the
materials were not selective and quenched in the presence of either water or ethanol vapors. Also,
experiments set up to mimic raw meat packaging with the PDMS sensors proved to be

inconclusive.

6.2 Future Directions

6.2.1 Exploration of solubility with lipoic acid based ligands

A current challenge in the surface passivation of SiNCs is the dispersibility of the SiNCs
in various solvents. Of particular importance is aqueous soluble SiNCs that can be used in sensing
and biological applications. In Chapter 3, functionalization of SiNCs with lipoic acid generated
the polymeric form of lipoic acid; a polymer that is unstable under continuous light exposure.*!?
Though long term irradiation of the SINCs was not studied, this may prove to be a limitation of
the SiNCs with this surface group. One way to build upon the S-S bond chemistry investigated in
this thesis is to modify the lipoic acid ligand prior to SiNC functionalization. Research done by
the Mattoussi group has shown that modification of lipoic acid with various polyethylene glycol
(PEG) polymers resulted in the successful photoligation of the QD surface, rendering them soluble

in methanol.>'33'¢ Therefore, it can be postulated that the chemistry of a modified lipoic acid
p y p
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ligand (i.e., cyclic disulfide group intact) would be compatible with the method described in
Chapter 3 (Scheme 6-1). The resulting functionalized SINCs may show increased stability as well

as be soluble in solvents such as methanol or toluene.
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Scheme 6-1: A) The modification of lipoic acid with dodecanol or polyethylene glycol by Steglich
Esterification using N,N’-dicyclocarbodiimide (DCC) and 4-(dimethylamino)pyridine
(DMAP).>® B) The functionalization of SiNCs with modified lipoic acid molecules by a

fluorescent light source.
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6.2.2 Functionalization of SiNCs using thioketones

As described in Chapter 1, the study and development of methods to functionalize SiNCs
with chalcogenides is still in its infancy. An alternative method to generate Si-S surfaces, would
be the use of the borane-catalyst BH3-THF. This reagent has been shown to catalyze the
hydrosilylation of hydride terminated SiNCs (H-SiNCs) with alkenes and alkynes at room
temperature.'>?> Furthermore, BH3-THF has been shown to activate Si-O SiNC surfaces allowing
for ligand exchange with alkenes and alkynes.'?® These previous reports indicate this reagent is
very reactive towards SiNC surfaces. Additionally, the work of the Rosenberg group has shown
that molecular silanes can undergo borane-catalyzed hydrosilylation in the presence of
thioketones.**!*? It is proposed that BH3-THF could be used as a catalyst for the hydrosilylation
of H-SiNCs with thioketones to produce Si-S surface bonds (Scheme 6-2). The use of this method

could expand the library of possible Si-S surface ligands.
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Scheme 6-2: Reaction of SiNCs with various thioketones at room temperature (RT).

190



Preliminary results using this reaction method indicate the presence of Si-S bonds. Further
studies using BH3-THF as a reagent to activate Si-S SiNCs surfaces for ligand exchange reactions

are the subject of ongoing investigation.

6.2.3 Development of a ratiometric sensor

The development of QD-based ratiometric sensors and their advantages was briefly
discussed in Chapter 1, Section 1.5.1.3.2!% To date, SiNC based ratiometric sensors have not been
reported. As described in Chapter 1, Sections 1.3 and 1.4, multiple preparation and surface
passivation methods can generate SiNCs with tunable luminescence. The incorporation of these
various luminescent SiINCs to generate a SiNC-based ratiometric sensing platform could be
possible. Previous ratiometric sensors using Cd-based QDs have been developed in which a QD
emitting one wavelength is encapsulated in a non-porous silica shell, while a QD emitting a
different wavelength is tethered to the outside of the silica shell.****%* Once exposed to the analyte
of interest, the QD luminescence on the outside of the shell is quenched while the silica
encapsulated QD luminescence remains unchanged. This concept may be extended to SiNCs
(Scheme 6-3). One possible route to explore would be the encapsulation of blue-emitting SiNCs
into a non-porous silica shell (SINC@SiO2, Scheme 6-3A). The encapsulation of SiNCs into a
mesoporous silica shell has been previously shown in the Veinot group.>****> A similar method
could be implemented in the absence of a surfactant (i.e., cetyltrimethylammonium bromide,
CTAB) to generate a non-porous silica shell. Next a red-emitting SINC could be coupled to the
surface of SINC@Si0: (Scheme 6-3B). The resulting material could then be exposed to an analyte
of interest (e.g., nitroaromatics, biogenic amines, metal cations, etc.), effectively making a SINC

ratiometric sensor (Scheme 6-3C).
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Scheme 6-3: Proposed reaction scheme to generate a SiNC ratiometric sensor. A) Reaction of
blue-emitting NH, terminated SiNCs®® reacted with tetraethyl orthosilicate (TEOS) to generate
silica coated SiNCs (SINC@Si02).**> B) Coupling of SINC@SiO: with acid terminated SiNCs to

achieve sensor material.!*33 C) Use of prepared sensor in the presence of an analyte.

6.2.4 Exploration of SiNCs embedded within porous structures for sensing

While the use of SiNCs as sensors is on the rise, a challenge that must be overcome is
selectivity. As seen in Chapter 4, the additional use of TLC had to be implemented for the
separation and identification of nitroaromatic compounds. Moreover, the apparent research trend
of SiNCs sensors is for the development of solution based sensors. Currently, there are limited
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examples of SiNCs used for vapor sensing.>>!#%738 While the SINC/PDMS sensors studied for
biogenic amine vapor sensing in Chapter 5 did quench upon putrescine vapor exposure, the
materials were susceptible to quenching in the presence of water and ethanol vapor interferents.
One possible way to increase the selectivity of SiNCs or develop vapor sensing platforms is
through incorporating SiNCs with/within porous structures such as molecularly imprinted

polymers (MIPs) or aerogels.
6.2.4.1 Development of SiNCs coated with MIPs

MIPs result from a molecular imprinting technique that involves the copolymerization of
functional monomers and cross linkers in the presence of target analytes which act as template
molecules.>*® Following the removal of the template, recognition sites complementary in size,
shape, and chemical functionality to the template molecule remain.>*®*°7 This concept has been
used to generate luminescent MIP capped QDs (QD@MIP) for optical sensors.>*®3%83%° These
studies compared the use of a QD@MIP material and uncapped QD optical response towards
analytes such as TNT>%® and norepinephrine.*®® These studies showed the QD@MIP materials had
a higher response towards the target analyte then the QD counterpart. Furthermore, Xu and
coworkers reported the QD@MIP was selective to TNT over other competitive molecules (i.e.,
dinitrophenol, 4-nitrophenol, phenol and DNT).**® The authors stated the imprinting cavities was
a contributing factor towards selectivity as the other molecules examined had different shapes and
volumes than TNT. This concept could be further extended to SiNCs to create a SINC@MIP
sensor (Scheme 6-4) to increase selectivity towards target analytes (i.e., nitroaromatics or biogenic

amines).
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Scheme 6-4: Schematic for the preparation of SINC@MIP and the sensing mechanism.

6.2.4.2 Development of SiNC vapor sensors through the use of aerogel hybrids

Aerogels are three-dimensional solid networks comprised of nanometer scale building
blocks and have the characteristic advantages of high internal surface areas, low density, and an
extensive pore network.*?’ Silica aerogels for example, display high optical transparency and the
permeability of the gel network could lead to the detection of small molecule vapors.*® The
incorporation of CdSe QDs during acrogel fabrication or carbon dots post aerogel fabrication has
led to luminescent aerogel hybrid materials that were used as sensing platforms for the detection
of trimethylamine and NO> vapors, respectively.**>*"! These successful reports of aerogel hybrid
materials as optical vapor sensors indicate this is an avenue worth exploring with SiINCs. The
successful incorporation of SiNCs into silica aerogels to create a hybrid material has been
previously shown.*?>%* Recently our group has shown the successful incorporation of SiNCs into
silica aerogels that retain the high optical transparency of the silica gel and the SiNC
luminescence.*** This hybrid aerogel displayed rapid luminescence quenching upon exposure to
NB (Figure 6-1) in a similar manner discussed in Chapter 4.22%4%* This observed quenching
indicates the SiNCs are still chemically accessible within the silica aerogel, making these hybrid

materials promising sensing platforms.
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Figure 6-1: Images of a SiNC-silica aerogel hybrid material a) before, b) partial and c) complete

exposure to nitrobenzene. Image reproduced with permission from Chem. Mater., 2016, 28, 3877-

3886 (reference 404). Copyright 2016 American Chemical Society.

While the limit of detection was not reported, it would be interesting to study how this hybrid
material compares to other reported limit of detection using SiNCs for nitrobenzene, to
demonstrate the influence of porosity on the sensing capability. Furthermore, these SiNC aerogel
hybrid materials could also be ideal sensing platform candidates for various gases (e.g., NO2, NH3,

etc.).
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Appendix: Surface Coverage Calculation
Surface coverage estimates of surface passivated silicon nanocrystals (SiNCs) described in

)1017152

Chapter 2 were determined by either proton nuclear magnetic resonance (‘H NMR or

thermogravimetric analysis (TGA).!>

Surface coverage determination through '"H NMR.

A '"H NMR was taken from a sample prepared from a known mass (minimum 5 mg) of
surface passivated SiNCs dispersed in 1 mL CDCIl; with 0.01% (v/v) tetramethylsilane (TMS).
The ratios of the integrated peak area arising from ligand protons to the peak arising from TMS
proton were determined from the 'H NMR spectrum. The coverage is estimated for a compact
icosahedral, where SiNCs of d = 3.5 nm contains a total of 1100 Si atoms and 300 surface Si

atoms.?®

ligand proton integrated peak area

ligand to TMS prot tio =
igand to proton ratio TMS proton peak area

ligand to TMS proton ratio

ligand to TMS proton ratio per 1 mg SiNC = mass of SINC sample

Ligand to TMS mole ratio
_ligand to TMS proton ratio per 1 mg SiNC X number of protons ligand

number of protons TMS

moles of ligand in 1 mg sample
B Ligand to TMS mole ratio

number of moles of TMS in 1 mL CDCl; with 0.03% TMS

wt of ligand in 1 mg sample

m
= molecular weight ligand (m_fl) X moles of ligand in 1 mg sample
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wt of ligand in 1 mg sample

mole fraction of ligand = molecular weight ligand

wtof Siin1mg of sample = 1 mg — wt of ligand in 1 mg sample

wt of Siliconin 1 mg of sample

l Siin1 le =
moles of Siin1mg sample atomic weight of Si

mole fraction of ligand
f ' f lig X 1100 Si atoms

number of ligands per nanocrystal = moles of Si

number of ligands per SiNC

% surface coverage = 300 51 surface atoms x 100

Surface coverage of SiNCs using TGA.

This calculation uses the percentage weight loss (% wt. loss) determined by TGA measurement.
The coverage is estimated for a compact icosahedral, where SiNCs of d = 3.5 nm contains a total

of 1100 Si atoms and 300 surface Si atoms.?%’

% wt loss

0 3 =
% mole of ligand molecular weight ligand (g/mol)

100 — % mole of ligand
weight silicon (g/mol)

% mole of Si atoms =

% mole of ligand

X 1100 Si atoms

number of ligands per nanocrystal = ;
% mole of Si atoms

number of ligands per nanocrystal

% surface coverage = 300 surface Si atoms X 100
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