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Abstract

Silicon nanocrystals (SiNCs) have unique properties manifested at nanometer
dimensions. The optoelectronic properties of silicon nanocrystals depend on size and surface
chemistry. Investigation into the electronic and optical nature of SiNCs can facilitate the
synthesis of efficient optical and electronic devices. In studying the electronic nature of SiNCs,
the functionalization of SiNCs with electroactive end groups is of interest. Successful
functionalization of silicon nanocrystals with an electroactive ligand, ferrocene, was achieved
and the resulting material was fully characterized. Electronic interaction between the SINC and
ferrocene occurs via an electron transfer mechanism. This is the first example of freestanding
SiNCs functionalized with ferrocene.

Photostability of SiNC photoluminescence (PL) is a limitation in the development of
efficient devices and bioimaging applications. The photostability of SINCs with a series of
surface ligands was studied due to strong influence of surface chemistry on SiNC optoelectronic
properties. Investigation of a series of surface functionalized SiNCs under photobleaching
condition revealed that the effect of oxygen has a greater influence on PL stability than the

surface group functionalized.
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Chapter 1 Introduction to Nanomaterials and Quantum Dots

1.1 Nanomaterials

Over the last three decades, materials with nanometer size dimensions has gained
attention because of their unique properties that arise by decreasing the dimensional size and are
not exhibited by the bulk material of the same material type. Nanotechnology is the study of
these properties and corresponding materials with at least one dimension smaller than 100 nm in

3.4

size. Some of these properties include changes in optical,!? electronic,™* magnetic,> and

mechanical properties.® Nanomaterials are potential candidates for use in numerous applications

10,11

including optical and electronic devices’® photovoltaics,’ therapeutics, and bio-imaging.'?

1.2 Semiconductor Quantum Dots

Semiconductor nanoparticles, or quantum dots (QD) are an important class of
nanomaterials because of their optical and electronic properties. QDs can be based upon
numerous semiconductors. II-VI (e.g., CdSe),'* III-V (e.g., GaAs, InP),!*!> IV (e.g., Si, Ge),!!
IV-VI (e.g., SnS, PbSe)'®!? and tertiary semiconductors (e.g., AlGaN, AgInS>)**?! are among
those that have been investigated. Potential applications of QDs cover a wide range from light-
emitting diodes (LEDs),” photovoltaics,? field effect transitiors,”® to bioimaging,* and
sensing.”®> The optoelectronic properties of QDs can be controlled by designing the size and

shape of the particle making them ideal candidates for the above mentioned applications.?®



1.2.1 Quantum Dots and Quantum Confinement

Inorganic quantum dots were first discovered by Louis Brus.?”?® The emergence of size-
dependent photoluminescence (PL) in semiconductor crystallites such as CdSe, ZnO, and InSb,
sparked immense interest in the application and understanding of these new materials. Fig 1.1
shows the dependence of PL on the particle size of CdSe QDs arising from quantum confinement

effects.?6

Decreasing quantum dot size

Fig 1.1 Size dependent PL from CdSe QDs. The size of the QD decreases right to left from 6 nm (orange)

to 2 nm (blue). Reprinted with permission from Dr. Horst Weller.

Quantum confinement arises from the decrease in the dimensional size of a
semiconducting material. Reduction of the particle dimensions close to the bulk exciton Bohr
radius' confines electron and hole wave functions to an infinite potential well, increasing the
probability of radiative emission.”® As the size of the particle decreases, the removal of orbitals
from the band edges creates discrete energy levels within the band structure of the quantum dot

and increases the band gap.?’ Hence, the size of the QD controls the size of the band gap and the

! The exciton Bohr radius is the distance between an excited electron hole pair, or exciton.!”



gap and the PL wavelength. The opening of the band gap as a function of dimensional size of a

semiconductor is depicted in Fig 1.2. This discretized band structure has earned QDs the name

“artificial atom” as QDs bridge the gap between atoms and bulk materials.

A

Conduction - -
Band - _ — g
—— p

) i
© | Band gap sp?
m ———————————

Valence

- 1 T L E |

Molecular Hybrid Atomic

Bulk Quantum Dots
Semiconductor Orbitals Orbitals  Orbitals

Decreasing quantum dot size

Fig 1.2. Schematic representation of the density of states (DOS) of semiconductors, QDs and molecular
and atomic orbitals. Removal of orbitals discretizes the energy levels in the quantum dot and increases the

band gap. Increasing the band gap in QDs results in emission of higher energy wavelengths.



1.2.2 The Effective Mass Approximation

Models have been introduced to further understand the phenomena associated with
quantum confinement in QDs. Notably, the effective mass approximation (EMA) was first
introduced by Efros to predict the opening of the band gap by reducing the size of semiconductor
particles.’® Further refinement of the EMA model provides a reasonable correlation between the
size of the particle and the observed photoluminescence energy (E,).>'*> The EMA (Eq. 1.1)
takes into account the confinement energy of the exciton, the exciton coulomb interaction
energy, and the band gap of the bulk material, £, The observed PL is inversely proportional to
the square of the QD diameter (¢°). In Eqn 1.1, the effective masses of the electron and hole are
m and are my, respectively. The elementary charge is e and 4 is Planck’s constant. In Eqn 1.2,
m, is free electron mass, R is the Rydberg constant, € is the dielectric constant of the

semiconductor.

h2m?2 (1 1 1.786e2
E, = Eg + a2 (mZ + m*h> I + 0.284E, Eqn 1.1
13.56
Ep = To_ ey Eqn 1.2

()

1.3 Silicon Nanocrystals

Silicon is the most widely used semiconductor in the microelectronics industry and a
promising material that can exhibit size dependent PL due to quantum confinement.>** Silicon
QDs, also referred to as silicon nanocrystals (SiNCs), offer an advantage over other QDs because

of their biocompatibility.>>=” The optoelectronic properties, facile tailoring of surface chemistry,



and biocompatibility also make silicon QDs strong candidates for use in applications such as

37,42 43,44 45,46

LEDs,** photovoltaics,*! bioimaging,*”** and sensors,**** among others.

One of the earliest observations of luminescence in nanocrystalline silicon was reported
in porous silicon wafers.*’ Electrochemical etching of silicon wafers with hydrofluoric acid (HF)
resulted in a porous structure. Red PL was observed under ultraviolet (UV) illumination and the
PL of the porous silicon shifted from the infrared (IR) to visible wavelengths with an increase in
the etching time of the wafer.*’ Etching of the wafers retained the crystallinity of the bulk silicon

but reduced size of the single crystalline domains within the silicon network.*® Quantum

confinement was proposed by the authors to be the mechanism of the observed shift in PL.

1.3.1 Quantum Confinement in Silicon Nanocrystals

Despite similarities between compound semiconductor (e.g., CdSe) and silicon QDs,
SiNCs differ in that the band structure of silicon possesses an indirect band gap.* In direct band
gap semiconductors such as CdSe, the lowest energy level of the conduction band lies directly
above the highest energy level of the valence band in k-space (i.e., reciprocal space) as shown in
Fig 1.3a. In the case of indirect band gap materials such as silicon, there is an offset in k-space
between the lowest point of the conduction band and highest point of the valence band as shown
in Fig 1.3b. In order for a vertical electronic transition to occur, momentum must be conserved.
In bulk silicon, phonons are required to conserve electron momentum in excitation/relaxation
transitions that result in radiative recombination.>® The probability of a phonon assisted transition
is low and as a result bulk silicon is an inefficient light emitter and has very limited photonic

applications.



(a) (b)
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Fig 1.3. Band structure of (a) direct and (b) indirect semiconducting materials.

It has been proposed that in SiNCs the confinement of the wave functions occurs when
particles approach the dimensions of the exciton Bohr radius in bulk silicon (i.e., 4.3 nm)°' and
it causes the superposition of the wave functions in a way otherwise not possible in the bulk
material.>* The probability of radiative recombination increases due to the overlap of the exciton
wave function*®® and bright size-dependent photoluminescence is observed.** The band gap of the
nanocrystal is also increased as a result of the decrease in particles size (Fig 1.4), consistent with

other QDs.
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Fig 1.4 Scanning Tunneling Spectroscopy (STS) and PL measurements of SiNCs from approximately 9
nm to 3 nm. The blue circles correspond to the PL. maxim while the black square correspond to the STS
energy gap. The markers have been slightly offset for clarity. The STS band gap of the SiNC increases as
the size decreases. Reprinted with permission from Nano Lett., 2013, 13, 2516. Copyright 2013 American

Chemical Society.

1.3.2 Synthetic Approaches

Nanomaterial properties are strongly influenced by the size and shape of the material. As
a result, synthetic methods that produced highly uniform shapes and monodisperse sizes are
desired as these methods provide greater control over the resulting nanomaterial properties. The
approaches to prepare nanomaterials generally fall into one of two broad categories: top-down
or bottom-up. Top-down approaches rely on the reduction of the dimensions of a bulk material to
nano-regime. In contrast, bottom-up methods start with molecular precursors and the size is
incrementally increased to the target dimensions. Both top-down and bottom-up methods have
been used to produce SiNCs. Electrochemical etching and high-energy ball milling (HEMB) of
bulk silicon to produce nanocrystalline materials are examples of top down methods. Bottom-up

methods include solution-based synthetic routes, gas phase decompositions and solid-state

pyrolysis.



1.3.3 Synthesis of Silicon Nanocrystals from High Energy Ball Milling

Top-down synthesis of freestanding SiNCs has been demonstrated with HEMB of bulk
silicon.’> Bulk silicon fragments (ca. ~ 1 mm) were loaded into a vial with an alkyne and steel
ball bearings. Subsequent HEMB reduces the silicon to nanoscale dimensions and functionalizes
the particles in situ with the corresponding alkyne. No size distribution analysis was provided by
the authors, but the resulting particles were 5-10 nm with the majority of the particles 4 nm in

size.>?

1.3.4 Synthesis of Silicon Nanocrystals by Electrochemical Etching

The electrochemical etching of silicon by Canham in the 1990s is an example of reducing
the dimensions of bulk silicon to create particles of nanoscale lengths.*” The interested reader is
referred to a number of recent publications for further information.>*-** However, electrochemical
etching of silicon wafers followed by sonication produces freestanding particles.’>*® This method

often produced multiple nanocrystals embedded in an amorphous matrix.>

1.3.5 Solution Phase Syntheses of Silicon Nanocrystals

Solution-based syntheses of SiNCs are key examples of bottom-up preparations. The
most notable solution based methods involve the reduction of silane precursors in various
solvents using reactive reducing agents. In 1992, Heath demonstrated the reduction of silane
precursors at high temperature (385°C) and pressure (> 100 atm) for several days to afford
crystalline silicon (Scheme 1.1).°” This method produced a large size distribution and the surface
of the SiNCs was determined to be hydride, chloride and oxide terminated using IR

spectroscopy. The conditions (i.e. high temperature and pressure) used by Heath were



approximated via the localized heating in the sonochemical reduction of tetraethyl orthosilicate
(TEOS) by colloidal sodium in toluene at -70°C.>® The resulting product was annealed at 400°C
under inert atmosphere to produce ethoxy-terminated SiNCs between 2-5 nm with a PL

maximum of 680 nm.

. . Na(s)
S|C|4 + HS|C|3 + NacCl
Nonpolar Solvent

Crystalline

Scheme 1.1 Solution based synthesis of SiNCs used by Heath.

Various reducing agents have been investigated for solution phase methods. Sodium
napthalide can also be used to reduce silicon tetrachloride (SiCls) in a dimethoxyethane (glyme)
solution to produce SiNC with an average diameter of 5.2 £1.9 nm.*> The SiNCs produced from
this method may be alkoxy terminated with further reaction with octanol. Variation of the
solution based approach using inverse micelles as a templating agent for the reduction reaction
offered greater control of the size distribution of nanocrystals (NCs) produced. Reduction of
SiCl4 using lithium aluminum hydride (LiAlH4) with tetraoctylammonium bromide (TOAB) as a
templating agent in toluene resulted in hydride terminated SiNCs with an average size of 1.8 nm

and standard deviation of only 0.2 nm.*°



Other modifications of solution-based methods include the use of reactive Zintl salts as
the reducing agent of choice.®'** Group 1 or 2 elements combine with main group metals or
metalloids to form Zintl salts. SiNCs produced via Zintl salts and SiCls are presumed to be
chloride terminated (Scheme 1.2a) and can be alkoxy terminated with further reaction with
alcohols.®® Other reactions of Zintl salts include the reaction of ammonium bromide with NaSi to
afford hydride terminated SiNCs 4.91 + 1.23 nm in diameter (Scheme 1.2b).%* This method also
afforded tens of milligram quantities (0.016 g) of SiNCs. Zintl salts offer a straightforward
method of producing freestanding SiNCs. However SiNCs produced by Zintl salts and solution
phase reduction reactions are characterized by large particle size distributions®® and only show

size-independent blue luminescence (vide infra).%

THE Cl Cl
a SiCl, + ASi T . CI;&CI
Glyme
A=Na,K,Mg, Cl Cl Cl
DME Cl ¢l Cl
b NaSi + NH4Br > CI%CI
80 °C
Cl Cl
Cl

Scheme 1.2. Solution phase reduction of SiCls with Zintl salts to produce chloride-terminated SiNCs.
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An alternative approach to SiNCs involving solution phase thermal decomposition of
silicon precursors was introduced by Holmes et al.%® Decomposition of the diphenylsilane
precursors in supercritical hexane with a capping agent above 500°C and 345 bar was used to
prepare SiNCs. The reaction is thought to proceed by a radical decomposition mechanism
stabilized by the phenyl groups on the silicon, which are eventually replaced by the octanol
capping ligand.%® The size of particles could be varied by adjusting the octanol:diphenylsilane
ratio in supercritical hexane but also resulted in a polydisperse size distribution. Monodisperse,

in situ functionalized SiNCs of 1.5 nm diameter can be produced in pure supercritical octanol.®

Ph,SiH, — [Ph,SiH]
2 |Ph,SiH|"— HPh,Si— SiPh,H

[HPh,Si—SiPh,| "+ [Ph,siH] > propagation

Scheme 1.3 Radical decomposition of diphenyl silane in supercritical solvent.

11



1.3.6 Gas Phase Decomposition Syntheses of Silicon Nanocrystals

Decomposition of silane precursors in the gas phase also produces SiNCs. The method
was first demonstrated by Murthy et al. who observed 30 — 80 nm nanoparticles produced above
1100°C with a critical silane concentration of 0.2 vol. %.% The particles were not uniform in
shape showing octahedral, tetrahedral or truncated triangular bipyramidal shapes. Further
modification showed that thermal gas phase decomposition of gaseous disilane can produce
SiNCs with a highly uniform oxide shell.®® Size selection methods can be used to produce
monodisperse fractions of various sizes.>® Other variations of gas phase synthesis include CO,
laser induced pyrolysis of silane gas (Fig 1.5) followed by etching with HF to yield macroscopic

quantities of luminescent SiNCs.®

Outflow to aerosol
instrumentation
and product
collection

Y |
Particle nucleation
and growth region,
confined by Ha
and He flows

IR Laser Beam

SiHg, SFg, Hp

Fig 1.5 Schematic diagram of CO; laser pyrolysis experimental set up. SiFs is added as a photosensitizer
in the pyrolysis reaction. Reprinted with permission from Langmuir, 2003, 19, 8490. Copyright 2003

American Chemical Society.
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A low pressure non-thermal plasma variant has also been used to produce luminescent
silicon nanoparticles via electron impact dissociation of silane gas.”” Plasma produced SiNCs
were shown to have a narrow size distribution and exhibited size dependent PL after exposure to
air. This method could also produce large quantities of material in a relatively short time frame

(up to 52 mg/hr). In-situ functionalization of the NCs can also be utilized with this method.”!

gas inlet

quartz tube
3/8” OD”
1/4” ID

e

%’ A ——

1”

filter
pressure

gauge exhaust

Fig 1.6 Schematic diagram experimental set up for plasma synthesis of SiNCs. NCs are formed in the
plasma and collected on the exhaust filter. Reprinted with permission from Nano. Lett. 2005, 5, 655.
Copyright 2005 American Chemical Society.
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1.3.7 Synthesis of Silicon Nanocrystals by Solid Precursor Decomposition

A number of methods that rely on solid precursor decomposition have been developed as
well. Thermal annealing of silicon rich oxides have resulted in the formation of crystalline
silicon in a silicon-oxide matrix.”> Notably, hydrogen silsesquioxane (HSQ) decomposition at
1100 °C in a reducing atmosphere results in SiINCs embedded in an oxide matrix (Scheme 1.4).”
It is has been proposed that rearrangement of the HSQ cage structure is followed by loss and
decomposition of silane ca. 450°C to form amorphous silicon clusters.”* Crystallization and
growth of the silicon domains occurs at 1100 C. Etching with HF leads to the formation of
freestanding, hydride-terminated SiNCs with size dependent PL. The size of the SiNCs, and
therefore wavelength of PL, can be altered by adjusting the synthetic parameters (i.e., processing

temperature,’* and etching time,”; Fig 1.7).

H

H /
N —O0—si_
o 0 H

1
[ O~ —g—s( HOToH
2 [,, ) 5%Hy/95%Ar 1 EOH: 1 H,0: 1HE e 4 y
_—SiL = — | —
“’Si—oc\) o/ 1100°C, 1 hr RT, 1hr PN
O0—si—o0~" H™ L H
,
Hydrogen Silsesquioxane SiNC/ SiO, Composite Material Hyride

terminated SiNCs

Scheme 1.4 Synthesis of SiNCs by thermal decomposition of HSQ followed by etching to produce

freestanding hydride terminated photoluminescent SiNCs.
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Fig 1.7 Effect of HF etching time of SINC PL from HSQ. The etching time was increased from 50
minutes (red) to 135 minutes (green). Reprinted with permission from Chem. Mater. 2006, 18, 6139.
Copyright 2006 American Chemical Society.

Similarly, co-sputtering of silicon and SiO» followed by grinding and annealing at 1150°C
can also produce freestanding SiNCs after HF etching.” The addition of phosphorous and boron
during the co-sputtering procedure leads to co-doped SiNCs that are stable in methanol without
further surface functionalization.”® SiNCs with a mean diameter of 3.0 + 0.9 nm can be obtained

by the co-doping method. 77 SiNCs produced by the co-doping method emit in the near IR.

1.3.8 Silicon Nanocrystal Surface Chemistry

It is necessary to derivatize the surface of SiNCs to prevent unwanted reactions,
agglomeration and degradation of optical properties that can occur.’® A number of reviews have
been published detailing the surface functionalization of SiNCs;%7*% functionalization methods

for SiNCs will be discussed briefly herein. The functionalization of silicon nanocrystals follows
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after the well-developed molecular and wafer chemistry and these are just a few of the many
functionalization pathways for SiNCs.’* Hydride-terminated surfaces can be modified with
alkenes and alkynes via hydrosilylation reactions typical of silicon wafers and porous silicon
(Scheme 1.5).%! Thermal,® photochemical,®® radical® and transition metal catalyst initiated®®
hydrosilylation reactions have been realized on nanocrystalline silicon. Room temperature
hydrosilylation reactions initiated by Lewis acids®® and diazonmiun salts®’ have also been

demonstrated with SiNCs and can be relatively fast compared to thermal methods.

Si —H + Initiation

<)

R > (siy"R

Scheme 1.5 Hydrosilylation of hydride terminated SiNCs with alkenes and alkyenes.

The reactivity of hydride-terminated surfaces can also allow for the direct reaction of
surface ligands. Direct reaction of surface ligands to form Si-N bonds have been observed®® as
well as direct reaction with trioctylphosphine oxide (TOPO) and CO:> under high pressure
conditions.?” Alkyllithium reagents have been shown to react with hydride-terminated SiNCs by
breaking Si-Si surface bonds allowing for functionalization of aryl groups to the SiNC surface.”
Because this method targets the Si-Si surface bond, mixed surfaces can be realized with

additional hydrosilylation steps.
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Halide-terminated surfaces can also be obtained by reaction of hydride surfaces with
halogenating agents (Scheme 1.6). °! Halide-terminated surfaces provide a convenient platform
for further surface modification through alkyl lithium or Grignard reagents.®* Alkoxy terminated
surfaces have also been obtained from chloride terminated SiNC through direct reaction with
alcohols as demonstrated by the Kauzalrich group.®® Overall, the different SiNC surface
chemistries (i.e. hydride-terminated or halide-terminated) and functionalization methods
available has increased the accessibility of ligands and terminal SiNC surface chemistries that

can be realized.

Cl R
R CI\ |/C| R OCI
RMgX
R Lo cI—si—c .. RﬁfR
R R c’ | g clo R
cio” | R Cl R
‘ PCls
RMgCI
H |
Br
Br._| Br H, LB H | H
. Bry ; Iz
Br—8i—Br «———— H— Si/—H —=— I— Si |
Br l|3r Br H/ ll'\H I/ ,L \I
iRMgBr RMgX
R R
R L P Gl 5
R R Vg f_R
R R /
R ol 'R

Scheme 1.6 Halide terminated surfaces derived from hydride terminated SiNCS followed by Grignard
reactions. The colour of the SiNC also corresponds to the resulting PL reflecting the influence of the
halide on SiNC optical properties. Reprinted with permission from Chem. Mater. 27, 2015, 1153.
Copyright 2015 American Chemical Society.
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1.3.9 Optical Properties of Silicon Nanocrystals

The tight binding model introduced by Delerue et al. provides a better correlation
between the observed PL and the SiNC size than the EMA noted above.”?> The band gap emission
is proportional to the inverse of the nanocrystal diameter (d) to the power of 1.39. The energy of

the band gap is calculated for hydride-terminated SiNCs by Eq 1.3. The bulk silicon band gap is

represented by Ej.
3.73
En=Eg+m eV qu.3

Despite agreement with theoretical models, the origin of PL from nanocrystalline silicon
is not fully understood.”® The onset of PL in SiNCs is still attributed to quantum confinement,
but other observations of size independent PL from SiNCs do not follow theoretical
predictions.” Interfacial regions and defects have been implicated as the dominant source of
size independent SiNC PL.*+%

Size independent and temperature dependent PL has been attributed to an interfacial
trapping state responsible for the SiNC PL.”* A size independent emission of 1.65 eV was
observed in SiO> embedded SiNC. It was proposed by the authors that the exciton is confined to
a suboxide shell between the silicon core and an amorphous SiO; layer. Recombination of the
exciton in the interfacial region accounted for the emission independent of SINC core diameter.

Other interfacial surface states have also been suggested as the source of PL from porous
silicon.”® Surface states act as photoexcited carrier traps at energies between the formal bandgap

of the SINC. Emission could occur between both trapped carriers, between a trapped carrier and
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a free carrier, or between two free carriers. Blue PL from SiO; embedded SiNCs was attributed
to recombination of two free carriers.

Experiments on porous silicon by Wolkin et al. provided insight into the role of surface
oxide defects.”® The authors proposed that oxygen created a surface state and would have one of
three effects on the emission mechanism of SiNCs depending on the size of the particle. Larger
particles would be largely unaffected and would emit via quantum confinement and free excitons
depicted in zone I of Fig 1.8. Intermediate particles emission would be from a trapped electron
and a free hole (zone II in Fig 1.8). For the smallest blue emitting particles, exposure to oxygen
created a stabilized Si=O surface state that traps the exciton resulting in a red-shift of the initial
PL (zone III, Fig 1.8). This remains to be a very a controversial proposal as silicon oxygen
double bonds on SiNCs require large amounts of stabilization.”” However, computational studies
on hydride terminated SiNCs support double bonded species like Si=O being the predominate
red-shifting source for the band gap.”®%° Although the exact nature of the surface states on silicon
nanoparticles has not been conclusively determined, oxidation of particles play a critical role in

SiNC PL properties.
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Fig 1.8. PL energy trap states for oxidized porous silicon of various sizes. The zones indicate the trapped
carrier(s) and resulting band gap energy. Reprinted Fig 3 with permission from Wolkin, M. V_; Jorne, J.;
Fauchet, P. M.; Allan, G.; Delerue, C. Phys. Rev. Lett. 82, 197, 1999. Copyright 1999 American Physical
Society.

Surface ligands can also impact the resulting optoelectronic properties of
SiNCs.788%-100.101 Dagog showed that the colour of the PL can be tuned via surface groups across
the visible spectrum independent of the SiNC size.® Fig 1.9 displays the PL and surface groups
of the SiNCs. Ligand-oxide surface species were implicated as the major source of size
independent PL. This was determined to the origin of the size independent blue PL observed
from SiNCs produced via solution phase synthesis.®® Conjugated surface ligands can also induce
“in gap” states within the band structure of the SiNCs.!%>!9 Relaxation through the in gap states
can cause shifting of the PL as demonstrated by the functionalization of phenylacetylene to
SiNCs.!% Surface chemistry no doubt plays a critical role in the complex optoelectronic

properties of SiNCs.
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Fig 1.9. Size independent PL from functionalized SiNCs. Adapted with permission from ACS Nano,
2014, 8, 9636. Copyright 2014 American Chemical Society.

1.4 Functionalization of Nanomaterials with Electroactive End Groups

Surface passivation of SiNCs has so far focused mainly on “innocent” surface ligands
despite the observation that the optoelectronic properties of SiNCs are sensitive to surface
chemistry. Functionalization of bulk silicon with “non-innocent” ligands has been studied
extensively, ferrocene being one of the most notable.!**!% No reports of freestanding SiNCs
functionalized with ferrocene exist, although a number of other nanomaterials have been
functionalized with ferrocene. P-type porous silicon has been functionalized with ferrocene via
thermal hydrosilylation.®? Cyclic voltammetry (CV) measurements of the resulting materials
showed an oxidation peak with a reduced cathodic peak for the ferrocene moiety functionalized
to porous silicon. The authors propose that the oxidized ferrocene (ferrocenium ion) is able to
inject holes into isolated silicon crystallites in the porous silicon thereby being reduced back to
ferrocene and simultaneously oxidizing the silicon. Quenching of porous silicon PL by ferrocene,

although not covalently bound, has been reported indicating electronic interaction between

21



ferrocene and the nanocrystalline substrate.!? CdSe/ZnS QDs were also functionalized with
ferrocene via a ligand exchange reaction.!”” Comparison of the original QDs and ferrocene
functionalized QDs via CV showed the evolution a new peak associated with the oxidation of
ferrocene attached to functionalized particles. No reduction peak for ferrocene was reported.
Other nanomaterials based on carbon nanoparticles and nanofibers have also been interfaced

with ferrocene moieties via click reactions.'%%1%°

1.5 Silicon Nanocrystal Photostability

Apart from SiNC surface chemistry, oxygen and UV exposure are known to impact SiINC
optical properties. Photostability of SiNCs is crucial to the development of efficient
optoelectronic devices.!'® Despite SiNCs superiority over fluorescent dyes in imaging
applications, there are still limitations. SiNCs, for example, are susceptible to PL degradation
because of oxidation as well as photobleaching under intense UV irradiation.

Oxidation in ambient conditions is most commonly associated with a decline in desirable
PL properties of SiNCs. Alkyl functionalized SiNCs exposed to oxygen often show a decrease in
absolute quantum yield that can be accompanied by a blue-shift of the PL maximum.!!! The blue
shift is associated with a decrease in the crystalline core of the particles cause by surface
oxidation.''> Red shifting of the PL has also been attributed to creation of trap states due to
oxidation of particles.”® Electron spin resonance (ESR) studies indicate the oxidation of hydride
terminated SiNCs in air can occur via the Cabrera-Mott mechanism (Fig 1.10).!!® In the Cabrera-
Mott process, adsorption of water molecules to surface silanol bonds facilitates the breaking of
Si-Si bonds accommodating the insertion of a negatively charged oxygen molecule to form two

Si-O-Si bonds.'*
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Fig 1.10 Cabrera Mott mechanism of silicon oxidation in the presence of water and oxygen molecules.
Reprinted Fig 6 with permission from Pereira, R. N.; Rowe, D. J.; Anthony, R. J.; Kortshagen, U. Phys.
Rev. B, 83, 155327, 2011. Copyright 2011, American Physical Society.

The oxidation process of nanocrystalline silicon can be enhanced under a number of
conditions. Without stimulation, pure molecular oxygen showed no more effect than an initial PL
intensity decrease from UV illumination under a nitrogen atmosphere.!'> However, UV

illumination under an oxygen atmosphere showed a dramatic decrease in PL intensity of porous

5 101

silicon.!’> High temperatures '°' and extended exposure!!® to oxygen can also accelerate the
oxidative change and PL degeneration of nanocrystalline silicon.

Aside from oxidation, UV illumination has been shown to degrade the PL from
SiNCs.!"7118 ESR experiments have indicated that extended UV irradiation can introduce surface
defects capable of quenching of PL from passivated SINCs.!!” These defects may arise from the
breaking of unfunctionalized Si-Si bonds or Si-H bonds on surface passivated SiNCs resulting in
non-radiative traps, also known as D defects, affecting the PL stability of the particles.!!® Si-H
bonds are also homolytically cleaved during the photoactivation of silicon surfaces during light
mediated hydrosilylation reactions.'?!?!’ Amorphous silicon properties are also affected by

extended light exposure, known as the Staebler Wronski effect, which reduces conductivity of

amorphous silicon but can be reversed with heat treatment.'?? Recently Wu and coworkers

23



showed that the PL degradation due to photobleaching of alkyl functionalized SiNCs could be
recovered with a second hydrosilylation period and no further photobleaching was observed
under UV exposure.'!'® This implies passivation of previously introduced radiative traps by the
second hydrosilylation process and the subsequent shutting down of the photobleaching process
caused by UV irradiation.

As the above discussion highlights, there a number of complex factors affecting SINC
PL. It also highlights the complexity and dependence that the optical and electronic properties of
silicon nanocrystals have on surface chemistry and induced surface states. These relationships
and their effect on SiNC PL stability must be further understood for the efficient implementation

of optical devices and theranostic technologies.

1.6 Thesis Outline

The present thesis focuses on the optoelectronic properties of SINCs with functionalized
surfaces. Chapter 2 focuses on functionalizing SiNCs with electroactive surface groups.
Specifically, modification of the SiNC surface with ferrocene was used to diagnostically probe
the electronic communication between the SINC and surface group. Interactions between the
SiNC and ferrocene surface group indicate electron transfer from the ferrocene to the SiNC.
Chapter 3 focuses on the stability of optical properties of SINCs with a series of different surface
modifications. The photobleaching response of SiNCs with a series of surface functionalities was
studied under atmosphere and inert conditions. In inert conditions, oxidation was determined to
have the strongest influence on photobleaching response. Conclusions and future directions of

the work presented here are outlined in Chapter 4.
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Chapter 2 Functionalization of Silicon Nanocrystals with an

Electroactive End Group and their Electrochemical Response

2.1 Introduction to Ferrocene Modified Surfaces

SiNCs are of interest for a variety of optical and electronic applications including
memory devices,' field effect transistors,> photovoltaics,® and light emitting diodes.* Surface
chemistry has a strong influence on the optoelectronic properties of QDs.>”® Control over the
optoelectronic properties of SiNCs is necessary if efficient and tailorable devices are to be
realized. To date, most investigations have focused on “innocent” (i.e., non-electroactive) surface
groups. Further investigation into the interaction of “non-innocent” surface groups and resulting
electronic properties of functionalized SiNCs will no doubt be beneficial to furthering the
development of new silicon quantum dot-based technologies.

Ferrocene was identified as an ideal first candidate to study the electronic interactions
between the silicon particle and surface groups. Ferrocene is a metallocene complex consisting
of two cyclopentyldiene rings sandwiching an iron center.”!? It can exist in one of two stable

1213 making it an ideal candidate

oxidation states'! and possesses fast electron transfer kinetics
for use in molecular switches,'* sensors,'* as well as charge storage devices.'® Deviations from
the well-developed electrochemistry of ferrocene are a useful diagnostic tool in determining the
electronic character and interactions of the ferrocenyl iron center'” and are expected to provide
insight into the SiNC-surface group electronic interactions.

The electrochemistry of ferrocene has been studied on a number of surfaces including

3

gold,lz’18 bulk silicon,'®'”2? as well as nanoscale materials such as porous silicon,” carbon

nanotubes,”* and other quantum dots.>>* The intent of these studies was to interrogate surface-
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substrate interactions. To our knowledge there are no reports of ferrocene on freestanding silicon

quantum dots.

2.2 Experimental

2.2.1 Reagents and Materials

HSQ was purchased as Fox 18 from DOW Corning. The solvent was removed to give a
white solid. Electronics grade 48-50% hydrofluoric acid was purchased from Fisher. Toluene
(99.9% HPLC grade, anhydrous dried over columns), methanol (99.8% Reagent grade),
dichloromethane (DCM) (99.9% HPLC grade, dried using a solvent system) and acetonitrile
(anhydrous) were purchased from Sigma Aldrich. Ethanol was reagent grade (95%).
Vinylferrocene (97%), 2,2’-Azobis(2-methylpropionitrile) (98%, AIBN), tetrabutylammonium
hexafluorophosphate (>99.0%) (TBAHFP) were purchased from Sigma Aldrich and used as
received. 1-dodecene (95%) and ferrocene (98%) were also ordered from Sigma Aldrich. 1-
Dodecene was passed over activated alumina prior to use. Ferrocene was sublimed prior to use as
a standard in electrochemistry experiments. Nuclear magnetic resonance (NMR) solvents
chloroform-d (CDCl3) and chloroform-d containing 0.03% tetramethylsilane (TMS) by volume
were purchased from Sigma Aldrich. Silver nitrate was from Basi Analytical and used as

received.

2.2.2 Hydride Terminated Freestanding 3 nm Silicon Nanocrystals

HSQ (3.0 g) was transferred to a quartz boat and heated to 1100 °C at a heating rate of 18
°C/min where it was maintained for one hour. All thermal processing was performed under a 5

%/ 95 % hydrogen/ argon atmosphere. After cooling to room temperature, the resulting brown
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black solid was transferred to an agate mortar and pestle and ground until a fine brown powder
was obtained. This powder was shaken mechanically with silica beads for approximately 15
hours after which the powder was suspended in ethanol and transferred to a filter. After filtration,
the solid was allowed to dry in air. The composite was briefly ground again in an agate mortar
and pestle to break up large pieces of material prior to etching.

The composite (0.15 g) was placed in a Teflon beaker. Equal volumes of deionized water,
ethanol and HF were added and the mixture was stirred for one hour at room temperature. The
cloudy, pale yellow mixture was extracted three times with 15 mL toluene. The toluene extract
containing hydride terminated SiNCs was centrifuged for 10 minutes at 3000 rpm to give an
orange solid and clear colourless supernatant. The supernatant was discarded and the solid was

used in the functionalization procedures noted below.

2.2.3 Ferrocenyl-dodecyl Terminated Silicon Nanocrystals (FecD-SiNC)

Hydride terminated silicon nanoparticles (d ~ 3 nm) obtained from etching 0.15 g of
composite were re-dispersed in 5 mL of 1-dodecene. The mixture was mixed over molecular
sieves to remove moisture and transferred to a Schlenk flask filled with argon. 0.05 g of
vinylferrocene was added and the flask was evacuated to remove any residual toluene. The flask
was then degassed and refilled with argon in triplicate. AIBN (0.017 g) was added and the flask
was heated overnight with stirring at 65 °C. The resulting clear orange solution was transferred to
two 40 mL polytetrafluoroethylene (PTFE) centrifuge tubes with 7 mL toluene each. 5 mL
ethanol and 20 mL methanol were added to each tubes. Centrifugation at 12 000 rpm was
performed and the supernatant discarded. The orange solid residue in each tube was redispersed

in 7 mL toluene and 25 mL methanol was added. Centrifugation was repeated for three
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additional cycles. The final residue was redispersed in toluene and filtered through a 0.45 um

PTFE filter into a vial.

2.3 Materials Characterization

2.3.1 Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) was performed using a Thermo Nicolet
Magna 750 FTIR Spectrometer. Samples where drop cast as a thin film from solution onto a KBr

plate.

2.3.2 Nuclear Magnet Resonance Spectroscopy
'"H NMR was recorder on a Varian Inova four-channel 500 MHz spectrometer with an
autoxdb probe. Spectra were recorded at room temperature for a total of 16 scans. Samples were

dried in a small vail under nitrogen then dissolved in CDCls; or CDCI3 with 0.3% TMS standard.

2.3.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) experiments were performed at room
temperature using a Kratos Axis spectrometer with monochromatized Al Ka (hv = 1486.71 eV).
The pressure of the chamber was maintained at or below 5x1071° Torr. Samples were drop cast
from solution onto a copper foil. A hemispherical electron-energy analyzer working at the pass
energy of 20 eV was used to collect core-level spectra. Survey spectra within a range of binding
energies from 0 to 1100 eV were collected at an analyzer pass energy of 160 eV. Calibration to

the carbon Is peak at 284.8 eV was used to correct for charging effects for all spectra. Fitting of
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the components was done using CasaXPS software. A Shirley type background was used and all

full width half maxima were maintained below 1.

2.3.4 Transmission Electron Microscopy

Transmission electron microscopy (TEM) images were taken with a JOEL2011TEM
equipped with a LaBe filament using an accelerating voltage of 200 kV. TEM samples were
prepared by depositing a droplet of dilute functionalized SiNC suspensions in toluene onto a
holey carbon coated copper grid and the solvent was removed under vacuum. The size
distribution of the particles was determined on a sample of over 200 particles.

High resolution images were recorded with a JEOL2200FS transmission electron

microscope with an operating voltage of 200 kV.

2.3.5 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was performed using a Perkin Elmer Pyris 1 TGA
with a platinum pan. Samples were freeze-dried from benzene prior to submission. A heating rate

of 10 °C/minute was maintained from room temperature to 900 °C in an argon atmosphere.

2.3.6 Scanning Tunneling Microscopy and Scanning Tunneling Spectroscopy
Scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS)

analysis were performed by Dr. Doron Azulay and Prof. Oded Millo of the Racah Institute of

Physics, at the Hebrew University of Jerusalem. The sample was deposited onto a gold substrate.

A tip-to-sample bias of 1.6 eV and 0.2 nA was used to record STM images of the particles. The
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bias was lowered to 1.3 eV without adjustment of the current prior to STS measurements to

increase spectral resolution.

2.3.7 Cyclic Voltammetry

CV experiments were carried out with a Basi Epsilon Potentiostat. A non-aqueous 0.01
M Ag/AgNOs in acetonitrile reference electrode was used for all reported experiments. A
platinum working electrode was used. Prior to each cyclic voltammetry experiment the working
electrode was polished to a 0.05 micron finish with alumina and sonicated in Millipure DI water,
then ethanol. The counter electrode was a platinum coil. TBAHFP was dissolved in 5 mL of dry
DCM to make a 0.1 M electrolyte solution. The electrolyte solution was purged with argon and
measured via CV to ensure no contamination. Particles dried under a nitrogen stream were
subsequently added to the electrochemical cell (approximately 1 mg/mL) and measured. At the
end of each experiment a small amount of sublimed ferrocene was added to each solution as an

internal standard.?’

2.4 Results

2.4.1 Synthesis of Ferrocene Functionalized Silicon Nanoparticles

A number of methods were explored to bond ferrocene to the surface of the hydride
terminated SiNCs. This included a number of direct hydrosilylation reactions with
ethynylferrocene or vinylferrocene. Reactions with only the ethynylferrocene or vinylferrocene
ligand present yielded a product with limited solubility in organic solvents. A soluble product
was obtained with a radical initiated reaction of a mixture of vinylferrocene and 1-dodecene in

the presence of hydride terminated SiNC as summarized in Scheme 2.1. The product was readily
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soluble in organic solvents such as toluene and DCM. The product displayed no detectable
visible photoluminescence upon excitation at 365 nm consistent with an interaction between the
vinylferrocene and the SiNC.

= /

AIBN Si

Fe
@ 1-dodecene NN :
<o

Scheme 2.1 Synthesis of organic solvent soluble, mixed surface ferrocenyl-dodecyl functionalized SiNCs.

Si —H +

The same synthetic method used to produce the FcD-SiNCs was repeated with ferrocene
instead of vinylferrocene as depicted in Scheme 2.2. The initial addition of the ferrocene
quenched the PL of the hydride terminated nanoparticles. However, upon extended reaction (i.e.,
16 h), a soluble product displaying red photoluminescence was obtained. This provided
qualitative evidence that the vinyl functionality of vinylferrocene is necessary in stabilizing the
interaction between the ferrocene and the SiNC. Further characterization of the hybrid particles
supports the presence of a ferrocene moiety on the surface of the SINC as discussed below.

H

= e

Si\—H + Fe AL SN (T e VN

@ 1-dodecene

Scheme 2.2 Reaction of silicon nanoparticles with ferrocene in neat 1-dodecene. This product is
photoluminescence indicating the PL quenching of the nanoparticles by ferrocene is reversible in absence

of the vinyl group present.
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2.4.2 Nanocrystal Characterization

FTIR spectroscopy reveals the surface functionality of silicon nanocrystals through
characteristic vibrational modes of surface groups on the nanocrystal. The FTIR spectrum
obtained for FcD-SiNC (Fig 2.1a) shows characteristics peaks of both the ferrocene moiety,
dodecyl functionality and residual hydride of the silicon nanoparticles. The sharp peak at 3095
cm’ is characteristic of the C-H stretching of the cyclopentyldiene (Cp) rings of
vinylferrocene.?* The FTIR spectra of vinylferrocene is shown in Fig 2.2. Dominant alkane C-H
stretches reside between 2853 and 2956 cm™! for the functionalized particles. This stretching is
likely a mixture of the functionalized alkyl-ferrocene and dodecyl C-H stretches, but is expected
to be predominantly due to the long chain dodecyl moiety. Residual hydride on the silicon
surface is evident by the peak at 2085 cm™!. This also indicates incomplete surface passivation
that can result in further oxidation of the silicon surface. Oxidation of the silicon surface is
indicated by the broad peak at approximately 1040 cm™ which is likely Si-O.?®

Fig 2.1b shows the spectrum of the product from the reaction of ferrocene and SiNCs in
neat 1-dodecene (Scheme 2.2). The spectrum indicates the product is dodecyl functionalized
without evidence of ferrocene on the surface of the SiNCs following purification. Similar C-H,
Si-H and Si-O vibrational modes are observed, but the C-H stretch attributed to the ferrocene
rings are absent. The residual hydride absorption is less intense compared to vinyl ferrocene
functionalized particles. Disruption of the alkyl chain packing due to the steric bulk of the
ferrocene moiety may result in less efficient surface passivation of the FcD-SiNCs as indicated

by larger Si-H absorption peak.
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Fig 2.1 FTIR of (a) FcD-SiNCs and (b) SiNCs reacted with ferrocene in neat 1-dodecene (Scheme 2.2).
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Fig 2.2 FTIR of the starting material vinylferrocene.
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Fig 2.3 (a) TEM image of FcD-SiNCs and a high resolution image (b) of FcD-SiNCs showing the lattice
fringes of the particles. The lattice spacing was determined to be 0.30 nm consistent with the (111) planes

of silicon. The size distribution of the particles is shown in (c).
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TEM images (Fig 2.3a) confirm the presence of particles in the sample after reaction with
vinylferrocene. The mean size distribution was determined to be 2.9 + 0.7 nm as shown in Fig
2.3c. There is a large size distribution of the particles. High resolution images of the particles,
Fig 2.3b show that the particles retain a crystalline Si core. The d-spacing was determined to be
0.30 nm, consistent with the spacing of (111) planes of silicon.?

"H NMR of the soluble mixed surface nanocrystals indicates the presence of a ferrocene
moiety as well as dodecyl protons. A broad peak at approximately 4 ppm in the spectrum for the
FcD-SINC, shown in Fig 2.4, is attributed to the protons of the Cp rings of the ferrocene
functionality. Peaks attributed to the dodecyl ligands are observed at 1.26 and 0.9 ppm.*° The
broadening of the proton peaks in the NMR spectrum is attributed to longer relaxation times
combined with the restricted motion of surface bonded moeities.’! The broadening of the
ferrocene peak seen the spectrum is consistent with the ferrocene being bonded to the particle.
The NMR spectrum presented here is consistent with previous reports of ferrocene

functionalized CdSe/Zn nanoparticles.*
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Fig 2.4 "H NMR of FcD-SiNCs in CDCl; with 0.3 % TMS. Broadening of the peaks is attributed to the

restricted motion of ligand groups anchored to the surface of the nanoparticle.

An estimation of the total surface coverage was obtained from NMR samples containing
TMS as an internal standard using a method modified from Purkait et a/.>° and Mobarok et al.*?
This provides an approximation of the total number of surface bound ligands and total surface
coverage. The surface coverage was determined to be approximately 50 % assuming a 2.8 nm
silicon nanocrystal with a total of 600 silicon atoms and 200 terminal hydrides.** It was
estimated that there is approximately 36 ferrocenyl ligands and 63 dodecyl ligands per Si

nanocrystal. Details of the calculation can be found in Appendix I.1.
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Thermogravimetric analysis was also used to estimate the degree of surface coverage of
functionalized nanoparticles.>> For nanoparticle analysis, the weight loss in TGA is attributed to
complete removal of ligands from the particle surface. A total percent weight loss of 49.3 % was
recorded for the FcD-SiNCs. The ratio of the ferrocene and dodecyl peaks obtained in the NMR
was used as the mole ratio in the TGA surface coverage calculation. The weight loss was
calculated to correspond to the surface coverage of approximately 44 %. Appendix L.2 contains
the surface calculation from the TGA analysis. There is approximately a 6 % difference in
surface coverage between the two calculations. The difference between the NMR and TGA
calculations may be due to the volatility of the TMS reference standard. A decrease in the
reference standard volume would overestimate the number of ligands relative to the TMS signal
in the NMR calculation.

X-ray photoelectron spectroscopy reveals the elemental composition of functionalized
nanocrystals and provided further confirmation of functionalization of a ferrocene moiety to the
SiNCs. The XP survey spectrum of a freshly prepared sample of FcD-SiNC is shown in Fig 2.5a.
The Si 2p32 region shows the samples retained a Si (0) core as indicated by the peak at 99.5 eV.
There is oxidation of silicon as evidenced by the higher binding energy components: Si (I), Si
(IIT) and Si (IV) at 100.7, 102.1, and 102.9 eV, respectively. The higher binding energies are due
to the presence of the surface groups as well as oxygen on the silicon surface resulting the

formation of silicon suboxides.>® The presence of surface oxide is supported by the FTIR results.
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Fig 2.5 (a) Survey scan of FcD-SiNC and the (b) high resolution XP spectra of the Si 2p region. The
dashed line is the envelope of the fit. The oxidation states of silicon correspond to the colored roman
numerals. The Si 2pi» peaks are omitted for clarity. (c) Fe 2p region of FcD-SiNC and (d) Fe 2p region of

vinyl ferrocene.
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The XPS survey scan also shows a weak iron (Fe) peak for the functionalized NCs in Fig
2.5a. The Fe 2p3/; spectrum is shown alongside the Fe 2p3/; of vinylferrocene in Fig 2.5¢ and Fig
2.5d respectively. The Fe 2ps3. for the vinyl ferrocene is centered at 707.96 eV consistent with
previous measurements of ferrocene on bulk surfaces. !°*7 The Fe 2p3 peak for FeD-SiNC was
centered at 708.04 eV indicating the iron on the nanocrystals is likely in a similar oxidation
environment to the free vinyl ferrocene environment. The iron XPS peaks were not
deconvoluted.

Investigation of the electronic properties of the iron center was also conducted using CV
measurements. CV experiments provide a measure of an electroactive species reduction and
oxidation potentials. The electrochemical response of 1 mM vinylferrocene is seen in Fig 2.6. In
practice the formal reduction potential or E1» (see Eqn 2.1) of the cathode and anode peaks is
typically reported due to the scan rate dependence of the peak positions; Ei is independent of
scan rate.!” In dichloromethane the Ei» of vinylferrocene was measured to 252 mV vs. an
Ag/AgNO; reference electrode. Ferrocene had a similar Ei» of 238 mV vs. Ag/AgNOs3 (not

shown).

Ec+E;5
2

E1/2 = Eqn 2.1
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Current (pA)
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Fig 2.6 CV of vinylferrocene in 0.1 M TBAHFP in DCM vs. an Ag/AgNO3 reference electrode at a scan
rate of 100 mV/s.

The CV of the ferrocene functionalized nanocrystals (Fig 2.7) differs significantly from
that of the typical CV of ferrocene or vinylferrocene. The potential was scanned from negative to
positive and subsequently reversed. No oxidation peak appears in the potential window of the
experiment. However, there is a cathodic peak that appears during the reverse scan. It should be
noted that neither Si-H terminated nor purely dodecyl functionalized SiNC show an

electrochemical response under the same experimental conditions investigated.
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Fig 2.7 CV of FcD-SiNCs in 0.1 M TBAHFP in DCM vs Ag/AgNOs reference electrode at a scan rate of
100 mV/s.

The deviation from the normal vinylferrocene CV curve supports the hypothesis of
interaction between the surface ligand and the silicon nanocrystal. The electrochemistry of the
ferrocene group is no longer reversible (within the potential range investigated) as indicated by
the absence of the oxidation peak. It is proposed that oxidation of the ferrocene moiety is likely
caused by electron transfer to the silicon nanocrystal - behavior consistent with previous reports
of quenching of porous silicon by molecular ferrocene.®® Buriak and Lindsay also reported
reduced functionalization efficiencies of porous Si likely due to ferrocene quenching a white
light induced excitonic functionalization mechanism.** Reports of quenching of CdSe/ZnS QDs

with ferrocene is hypothesized to occur through the same mechanism.?¢-%
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The cathodic peak observed for the FcD-SiNCs varied in potential from 53mV to 169mV
vs Ag/AgNQOs. This variance between measurements is attributed to a number of factors. The
broad nature of cathodic peak makes it difficult to precisely assign a potential value and is a
likely source of error between measurements. Oxidation of the particle surfaces may also

contribute to the shift in peak potential and also influence the overall shape of the voltammogram

as discussed below.
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Fig 2.8 CV of FcD-SiNC (a) recorded one week after initial CV and (b) after bubbling with oxygen for 60
minutes. Both voltamagrams where recorded in 0.1 M TBAHPF in DCM at a scan rate of 100 mV/s.

The CV response of the FcD-SiNCs were investigated after deliberate oxidation of the
samples. Fig 2.8a shows the same sample as in Fig 2.7 but is recorded several days after the
initial CV in Fig 2.7. There is a shift of the cathodic peak from 53 mV to 96 mV from Fig 2.7 to
2.8a respectively. Further oxidation of the sample by bubbling with oxygen prior to CV analysis
increased the shift to 169mV as seen in Fig 2.8b and induced additional cathodic and anodic
peaks also seen. This oxidation may provide an insulating layer reducing the effectiveness of the

electron transfer to the silicon nanoparticle.
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STM imaging and STS are complementary methods to CV and PL, and reveal insight
into the topography in correlation with the electronic level structure of at the nanoscale.*® Unlike
PL, which provides information on optical transition between electronic levels from which the
excitonic band-gap can be extracted, in STS the valence and conduction bands (VB and CB)
levels are monitored separately. Specifically, the electronic DOS is proportional to the measured
dI/dV-V tunneling spectra, from which the fundamental (single-particle) band gap can be
determined, rather than the excitonic band-gap measured by PL.*!*?

STM topographic measurements confirm that the nanocrystals are within the size regime
of 3-5 nm, as expected from TEM (Fig 2.9b). Measurements performed on FcD-SiNC showed a
band gap close to that of alkyl functionalized SiNCs of similar size.® The STS (fundamental)
band gap of the FcD-SiNCs was extracted from the dI/dV-V curves, Fig 2.9a, and determined to
be approximately 2.30 eV. The band gap was determined from the separation between the
midpoint of the DOS onset and the maximum DOS at both the conductance and valence band
voltages. Fig 2.9 also clearly shows that the Fermi level (V=0) is positioned closer to the CB
edge, an effect that was not observed for the dodecyl functionalized SiNCs.® This behavior is
indicative of n-type surface doping of the nanocrystals and is consistent with the CV
measurements. Oxidation of the ferrocene through an electron transfer mechanism to the silicon
particle would account for the n-type doping of the nanocrystals by increasing the fermi level

closer to the conduction band of the particle.
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Fig 2.9 (a) Repetitive dI/dV-V tunneling spectra measured on three different FcD-SiNCs. The band gap

extracted for these spectra is around 2.30 eV. The navy-blue spectrum in (a) was measured on the NC

whose topographic image is presented in the inset of (b), which presents also a topographic cross-section

taken along the diagonal of the image. All measurements were performed with sample-bias and current

setting of 1.6 V and 0.2 nA.
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2.5 Conclusions

SiNCs have been functionalized with a ferrocene group. This is evident by PL quenching
of SiNCs. CV results as well as STS confirm electronic interaction between the SiNC and
surface group. The mechanism of PL quenching is due to electron transfer from the ferrocene to
the SiNC as seen in the irreversible oxidation of ferrocene and the n-type doping evident in the

STS measurements.
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Chapter 3 Investigation into the Effect of Surface Chemistry on the

Photostability of Silicon Nanocrystals

3.1 Introduction to the Photostability of Silicon Nanocrystals

The PL properties of semiconductor nanoparticles (or QDs) make them an attractive
material for many optoelectronic devices'™ and imaging applications.**> QDs are an alternative
to fluorescent molecules because of their bright, size-dependent photoluminescence and imaging
technologies are taking advantage of their use.** Among QD materials, silicon is a prime
candidate for these applications due to its biocompatibility.” However, despite the promising
application of silicon, there are still some limitations, particularly the long-term stability of SINC
PL.

Imaging with QDs offers numerous benefits over doing so with fluorescent molecules.
The long excited state lifetimes of PL can decrease the noise associated with the auto-
fluorescence of the surrounding tissues.” Size dependent PL and broad absorption profiles make
QDs ideal for imaging multiple wavelengths simultaneously.® QDs can also be less susceptible to
photobleaching than molecular probes.® Tailorable surface chemistry increases the versatility of
QDs for targeted imaging.® Unfortunately, QDs based upon II-VI or III-V semiconductors
contain toxic elements and have sparked concern over their toxicity and application in
bioimaging.” For example, CdSe QDs can be cytotoxic if not capped with a passivating shell
such as ZnS; even with this apparent passivation these core-shell materials can still show
significant toxicity under intense UV light.'°

Silicon QDs exhibit many of the same properties as other inorganic quantum dots but
with one key advantage - biocompatibility.!!!? Target molecules can also be attached to SiNC

surfaces allowing versatility for different imaging applications.!* Despite the appeal of SiNCs in
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bioimaging applications there are still challenges associated with their PL that may limit their use
in imaging or other optoelectronic applications.

Despite showing promising optical properties, SINCs can still suffer from photobleaching
(i.e., the decrease in PL intensity that arises as a result of prolonged excitation).'* For proto-
typical CdSe and CdS quantum dots it has been proposed that photobleaching results from photo-
enhanced oxidation and/or the creation of surface trap states.!>!'® Epitaxial growth (Scheme 3.1a)
of an inorganic shell of high band gap material (e.g., ZnS) helps protect the QD core from
oxidation and the resulting PL degradation.'> This shell structure also reduces the Auger
recombination process that also contributes to photobleaching of quantum dots.!” To date no
equivalent epitaxial core-shell structure has been realized for silicon nanocrystals.'® Surface

modification of SiNCs has largely been limited to functionalization of organic surface groups.'’

© QLI
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Scheme 3.1 (a) The epitaxial growth of materials with matched interfacial crystal structures and (b)
nonepitaxial growth between interfacial crystal structures. Epitaxial growth is the addition of a crystalline

layer over another crystalline layer or substrate.
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The PL response of SiNCs is complex; quantum confinement,?*?! surface chemistry,?
oxidation,”® and UV exposure?* all play roles. Controlled manipulation of SiNC PL offered by

25,26 and

quantum confinement and surface chemistry is advantageous; however, oxidation
extended UV exposure’*?’ are detrimental to SiNC PL stability. Both oxidation'®?® and UV
exposure?®3? lead to surface trap states that have deleterious affects on SiNC PL. Further
understanding of SiNC PL response under degrading conditions such as oxidation and UV
exposure will certainly increase the likelihood that SiINC will supplant organic molecules and
toxic metal-based QDs in many optical applications.

To that end, the optical response of SINCs with a series of surface groups was studied
under photobleaching conditions. Although not all-inclusive, the functional groups chosen reflect
the wide range of functional group tolerance provided by methods used to tailor SINC surface

chemistry. Dependence of SiNC photobleaching response on surface chemistry may provide

insight into achieving silicon nanocrystals with increased PL stability.

3.2 Experimental

3.2.1 Reagents and Materials

HSQ was purchased as Fox 18 from DOW Corning. The solvent was removed to give a
white solid. Technical grade 48-50% hydrofluoric acid was purchased from Fisher Scientific.
Toluene (99.9% HPLC grade, anhydrous dried using solvent system), methanol (99.8% Reagent
grade), and acetonitrile (99.9% HPLC grade, dried using solvent system) were purchased from
Sigma Aldrich. Ethanol was reagent grade. 1-dodecene (95%) was ordered from Sigma Aldrich.
1-dodecene was passed over activated alumina prior to use. 2-octanone (98% Reagent grade) and

I-pentene (98%) were purchased from Sigma Aldrich. 1H, 1H', 2H-Perfluoro-1-octene (99%)
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was purchased from Alfa Aesar. 2-octanone, 1-pentene and 1H, 1H', 2H-Perfluoro-1-octene were

also passed over activated alumina prior to use.

3.2.2 Hydride Terminated Freestanding 3 nm Silicon Nanocrystals

Generally, 3.0 g of HSQ was transferred to a quartz boat and processed at 1100 °C in a
flowing 5%/95% hydrogen/argon atmosphere for one hour at a heating rate of 18 “C/min. The
resulting brown black solid was ground using an agate mortar and pestle to a brown powder.
This powder was shaken in a wrist action shaker with silica beads for approximately 15 hours.
The resulting fine powder was suspended in ethanol and transferred to a filter. After filtering, the
solid was air dried. The resulting solid was briefly ground again to break up large aggregates
prior to etching.

The composite (0.15 g) was placed in a Teflon beaker. Equal volumes of deionized water,
ethanol and HF were added and the mixture was stirred for one hour at room temperature. The
cloudy, pale yellow mixture was extracted with 15 mL toluene three times. The toluene extract
containing hydride terminated SiNCs was centrifuged for 10 minutes at 3000 rpm to afford an
orange solid and clear colourless supernatant. The supernatant was discarded and the solid was

used in the functionalization procedures noted below.

3.2.3 Silicon Nanocrystal Surface Modification

3.2.3.1 Dodecyl-Terminated Silicon Nanocrystals: Sample 1 (SiNC-D1)
Hydride terminated SiNCs (d ~ 3 nm) were re-dispersed in 5 mL of 1-dodecene. The

mixture was mixed over molecular sieves for approximately 1 minute to remove trace moisture
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and transferred to a Schlenk flask under argon. The Schlenk flask was evacuated and refilled
with argon in triplicate. The reaction mixture was stirred under argon at 180 °C for 15 hours.

The resulting clear orange solution was transferred equally to two 40 mL (PTFE)
centrifuge tubes. Additional toluene (ca. 7 mL) was added to each tube. The particles were
precipitated upon adding 5 mL ethanol and 20 mL methanol to each tube to yield a cloudy
yellow mixture. Centrifugation at 12000 rpm was performed and the clear colourless supernatant
discarded. The solid residue in each centrifuge tube was resuspended in 7 mL toluene and
precipitated upon addition of 25 mL methanol followed by centrifugation to provide an orange
solid. This solvent/anti-solvent and centrifugation procedure was repeated three times. The final
product was resuspended in toluene and filtered through a 0.45 pm PTFE filter into a vial. No

effort was made to exclude air during the purification procedures.

3.2.3.2 Dodecyl-Terminated Silicon Nanocrystals: Sample 2 (SiNC-D2)
The preparative method described for SINC-D1 was employed. No effort was made to
exclude air during the purification procedure, but after purification the solvent was removed in

vacuo and the sample was immediately transferred to a nitrogen filled glovebox.

3.2.3.3 Dodecyl-Terminated Silicon Nanocrystals: Sample 3 (SiNC-D3)

Approximately 30 mg of 3 nm hydride terminated silicon nanocrystals were transferred to
a small Schlenk tube with 5 mL benzene. The flask was submerged in liquid nitrogen. Once the
solvent was frozen, the flask was put under vacuum and was then removed from the liquid
nitrogen. After the solvent was sublimed, the particles were transferred to a nitrogen filled

glovebox and transferred to a vial. 1-dodecene and dry toluene (3 mL each) were added to afford
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a cloudy yellow suspension. A small amount (less than 10 mg) of XeF> initiator was added to the
stirring mixture. After approximately 60 seconds a clear orange solution resulted.

The solution was transferred to a small PTFE centrifuge tube in the glove box and 15 mL
of dry acetonitrile was added as an anti-solvent. The cloudy orange suspension was sealed in the
centrifuge tube, removed from the glove box, and centrifuged for 25 minutes at 12000 rpm. The
clear colourless supernatant was decanted in the glove box and the residue was dispersed in
toluene (3 mL) and 12 mL of dry acetonitrile was added to induce precipitation. Centrifugation
was repeated. This solvent/anti-solvent purification procedure was repeated three times. Finally,
the particles were dissolved in a minimal amount of dry toluene and filtered through a 0.2

micrometer PTFE syringe filter into a vial and stored in a nitrogen filled glove box.

3.2.3.4 Alkoxy-Terminated Silicon Nanocrystals (SINC-A)

The same preparative method outlined for sample SiNC-D3 was employed using 2-
octanone in place of 1-dodecene. A clear orange solution resulted after approximately 60 seconds
after initiator addition. The solution was centrifuged three times with a 1:4 ratio of dry toluene to
dry acetonitrile using the solvent/anti-solvent approach as outlined for the purification of SINC-

D3, filtered and transferred to a vial in a nitrogen filled glovebox.

3.2.3.5 Perfluoro-Terminated Silicon Nanocrystals (SiNC-B)
The method used to prepare SINC-D3 was employed but 1H,1H',2H perfluoro-1-octene
was employed in place of 1-dodecene. A clear orange solution results. No purification was

performed due to limited solvent compatibility.
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3.2.3.6 Pentyl-Terminated Silicon Nanocrystals (SINC-C)
The preparative method used to SiNC-D3 was employed, but the particles were
functionalized with 1-pentene in place of 1-dodecene. A clear orange solution results. No

purification was performed.

3.3 Materials Characterization

3.3.1 Fourier Transform Infrared Spectroscopy

FTIR was performed using a Thermo Nicolet 8700 FTIR Spectrometer and Continuum
FTIR Microscope. Samples were prepared in a nitrogen filled glove box by drop casting a thin
film from toluene onto a silicon wafer, residual solvent was removed and the samples were
sealed in vials. Samples were removed for the glove box and the FTIR spectra were recorded

immediately.

3.3.1.1 FTIR Study of Surface Chemistry Changes

SINC samples were prepared and analyzed as outlined in Section 3.3.1. An initial
baseline spectrum was recorded at time zero. The samples were exposed to UV radiation from
the same UV LED used for photobleaching studies below and the FTIR spectra were rerecorded

at predetermined times.

3.3.2 X-ray Photoelectron Spectroscopy
XPS experiments where performed at room temperature using a Kratos Axis
spectrometer with monochromatized Al Ka (hv = 1486.71 eV). The pressure of the chamber was

maintained at or below 5x1071° Torr. Samples were drop cast from solution onto a copper foil. A
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hemispherical electron-energy analyzer working at the pass energy of 20 eV was used to collect
core-level spectra while survey spectra within a range of binding energies from 0 to 1100 eV
were collected at an analyzer pass energy of 160 eV. All spectra were calibrated to the

adventitious carbon 1s peak at 248.8 eV.

3.3.3 Transmission Electron Microscopy

Bright field TEM images were recorded with a JOEL2011TEM equipped with a LaBs
filament using an accelerating voltage of 200 kV. TEM samples were prepared by depositing a
droplet of dilute functionalized SiNC toluene suspensions onto a holey carbon coated copper grid
and the solvent was removed under vacuum. The size distribution of each sample of particles

was determined using Imagej software on over 200 particles.

3.3.4 Photobleaching of Silicon Nanocrystals

100 microliters of approximately 3 mg/mL SiNC solutions where drop cast onto quartz
wafers in a nitrogen filled glovebox. After the wafers were dry, they were placed under vacuum
for 20 minutes and sealed under nitrogen prior to removal from the glovebox. The samples were
loaded into a chamber with an optical window for photoluminescence measurements. A Varian
Turbo Dry 70 vacuum pump with a Varian BA2C senTorr gauge controller were used for inert
atmosphere measurements. A pressure of at least 1.0x10* Torr was reached before starting the
photobleaching experiments. Excitation of the SiNCs was achieved with a 365 nm LED
purchased from Prizmatixs. The excitation power of the LED was 245 mW/cm? PL was
collected by optic fiber and recorded using an Ocean Optics spectrometer and Spectra Suite

software. All spectra were corrected to a blackbody radiator. PL spectra were collected every 3
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seconds for a minimum of 60 minutes. A minimum of two replicate photobleaching experiments
were performed for each sample in inert conditions and air with the exception of experiments
involving SiNC-D1 which were only recorded once in air. Spectra were processed using a
custom program modified from Ross Lockwood. To determine peak wavelengths and shifts the

PL spectra where fit using a skew normal distribution.

3.3.5 Radiative Decay measurements of Silicon Nanocrystals

PL lifetime decay measurements were performed using a Coherent Enterprise laser
operated at 351 nm and a power of 20 mW. An acousto-optic modulator operating at 200 Hz
with a 50% duty cycle was used to modulate the excitation source. A Hamamatsu H7422
photomultiplier tube was used as the collector. The decay was first measured in vacuum (less
than 1.0x10* Torr). After the initial measurement air was introduced into the apparatus and the

lifetime was rerecorded. The lifetimes were fit using a log normal distribution analysis in Matlab.

3.4 Results

3.4.1 Silicon Nanocrystal Characterization

A series of SiNCs bearing different surface groups was prepared in order to investigate
the effect of surface chemistry on photobleaching. Characterization of the NCs by FTIR revealed
expected features related to the target surface groups. The FTIR spectra of all the samples are
shown in Fig 3.1. Surface hydride and oxide are present in all SINC samples. For the dodecyl-
terminated particles, SINC-D1, SiNC-D2, and SiNC-D3, the FTIR spectra indicate the presence
of long chain alkyl groups at approximately 3000 to 2800 cm™'. Residual Si-H on all the particles

is indicated by the peak between 2000 and 2100 cm™'. Si-O stretching between 1000 and 1100
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cm!is present in all dodecyl functionalized SiNC FTIR spectra as well. SiND-D3 functionalized
via XeFz in inert atmosphere still shows the presence of oxygen despite efforts to minimize
exposure. However, the Si-O feature for the SiND-D3 sample is less intense relative to C-H
stretch of the dodecyl group. SiNC-C functionalized with pentene using the same XeF»
preparative method inside the glove box also shows a substantial amount of oxide. Confirmation
of functionalization with 1-pentene is observed by the C-H stretches shown in the FTIR at 2962
to 2849 cm’!.

The FTIR spectrum of perfluoro functionalized SiNCs, SiNC-B, shows an alkyl
stretching feature between 2924 and 2853 cm™'. An unsaturated —CH> stretching feature is also
observed at 3309 cm™! suggesting the presence of unreacted ligand. The feature at 2110 cm™ is
attributed to residual silicon hydride bonds. The broad peak between 1300 and 1050 cm™ is
consistent with the presence of C-F bonds.’! Surface oxide cannot be discounted as the
absorption may be obscured by the board nature of the C-F peak.

Alkoxy functionalized SiNCs (i.e., SINC-A) show features typical of alkyl surface
groups. Evidence of residual hydride is also present. There is also a relatively weak, broad
absorption at approximately 1083 cm™ and is likely a combination of Si-O due the surface bond

as well as partial surface oxidation.
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Fig 3.1 FTIR spectra with the corresponding nanocrystal structure and sample numbers.

XPS is useful in evaluating the oxidation states of the SINCs. Survey scans of the SiNCs
are shown in Fig 3.2. XPS of the particles indicates that functionalized NCs retain a Si (0) core
typical of binding energies close to 99.3 eV (Fig 3.3). Higher binding energy components are
also evident and are a result of Si-C bonds (approximately 102 eV)*? as well as sub-oxides

(103.5 - 104 eV)_20,32,33
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Fig 3.2 XPS survey scans of functionalized SiNCs (a) SiND-D1, (b) SINC-D2, (¢) SINC-D3, (d) SiNC-A,
(e) SiNC-B, and (f) SiNC-C.
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also corresponds to the colours of the roman numerals.
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Transmission electron microscopy (TEM) indicates the presence of particles in all
samples (Fig 3.4). Dodecyl modified SiNCs (i.e., SINC-D1, SiNC-D2, and SiNC-D3) had size
distributions of 3.0 + 0.7 (Fig 3.5a), 3.5 £ 0.8 (Fig 3.5b), and 2.3 =+ 0.6 nm (Fig 3.5¢)
respectively. SINC-A (i.e., the alkoxy functionalized SiNCs) had a size distribution of 3.1 £ 0.6
nm (Fig 3.5d). Pentyl functionalized SiNC-C had a size distribution of 2.7 + 0.6 nm (Fig 3.5f).
Perfluoro-modified SiINC-B had a larger than expected average size of 5.0 = 1.0 nm (Fig 3.5¢)
and largest standard deviation. The origin of the larger size of the SiINC-B is unclear, but may
result from the mistaken use of a precursor composite initially containing larger sized particles

(i.e., processed at a higher temperature).
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Fig 3.4 TEM images of (a) SiN-D1, (b) SINC-D2, (c) SINC-D3, (d) SiNC-A, (¢) SiNC-B and (f) SiNC-C.

All scale bars are 50 nm.
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3.4.2 Photobleaching Studies of Silicon Nanocrystals

Samples were drop cast onto quartz wafers in a nitrogen filled glovebox. While this was
found to be the most consistent method of deposition, particle agglomeration could not be
avoided. Spin casting of the wafers was also investigated, however, it could only be performed
outside the glovebox and resulted in poor substrate coating.

Photobleaching studies were conducted under ambient and high vacuum conditions. High
vacuum conditions where used to minimize the effect of air and oxygen during photobleaching.
Despite all efforts, very limited exposure to air could not be eliminated; wafers were exposed to
air briefly (less than 5 minutes) when transferring from the sealed vial to the vacuum apparatus.
It is expected that surface passivation of the SINC minimizes (even eliminates) the impact of this

brief exposure.

3.4.2.1 Photobleaching in Ambient Conditions

The alkyl surface treatments, SINC-C (Fig 3.10) and SiNC-D1 (Fig 3.6) showed the
most resistance to photobleaching in ambient conditions. The first photobleaching trial of pentyl
functionalized SINC-C showed a decrease to 76 and 46% of the initial PL intensity after 5 and 60
minutes, respectively. The second trial showed a larger decrease to 42% in 5 minutes and 22% of
the initial intensity after 60 minutes of photobleaching. The SiNC-D1 sample (i.e., oxidized
dodecyl functionalized SiNCs) reached an intensity of 64% after 5 minutes and 37% after 60
minutes of photobleaching in ambient conditions. These NCs possess the greatest surface oxide
as evidenced by the Si-O region of the FTIR spectrum, however close examination of the Si-O
features suggests the oxide species differ for these two samples. This difference in the nature of

the oxide may account for the differences observed in PL response between the pentyl (i.e.,
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SiNC-C) and oxidized dodecyl system. Interestingly, dodecyl capped SiNCs prepared while
attempting to limit surface oxidation (i.e., SINC-D2, Fig 3.7; SiNC-D3, Fig 3.8) were not as
resistant to photobleaching in air as SINC-D1. After 60 minutes, SINC-D2 and SiNC-D3 had
intensities of between 4 and 15% for all experimental replicates.

Perfluoro-functionalized SiNC-B (Fig 3.9) did not show any increased resistivity to
photobleaching in ambient conditions. They showed a decrease to 7% for both trials after 60
minutes. It is reasonable that the perfluoro functionalization renders the surface hydrophobic
which would limit surface access of atmospheric water that would reasonably oxidize SiNCs
upon photoexcitation.’!

The PL response of alkoxy functionalized SiNC-A decreased dramatically within the first
5 minutes of light exposure to 11% of the initial PL intensity. After 60 mintues 6% PL intensity
remained (Fig 3.11). This observation is consistent with the observations that the nature of the
Si-O species and ability of water to access the SiNC surface impact the SINC PL. It is
reasonable that the Si-OR species will evolve with light exposure and the H-bonding acceptor
properties of the Si-OR moieties will promote water-surface interaction leading to surface
oxidation.

The maximum wavelength of the PL spectra was resolved as a way to quantify changes
throughout the photobleaching process. Wavelength shifts have been previously associated with
the creation of surface states affecting SINC PL.'"® The peak wavelength profiles for all the
nanocrystals and for each trial are shown in Appendix II. Within the first 5 minutes all of the
samples except for SINC-DI1 (the oxidized dodecyl SiNCs) shown an initial blue-shift of the
peak wavelength maximum. However, it was often observed that the initial decrease in PL

maxima was followed by a gradual increase (red-shift) in PL wavelength maxima. Examples of
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this behavior are seen in Fig 3.9f and Fig 3.11f. The initial blue-shift seen in air for the majority
of the samples could be due to oxidation of silicon nanocrystals causing a decrease in crystalline
core size. ¥

There is also some variation in wavelength shifts between successive experimental
replicate profiles of the same sample in ambient conditions. Pentyl functionalized SiNC-B
initially showed a blue-shift from 628 to 580 nm after 60 minutes. The subsequent replicate of
SiNC-B showed a blue-shift from 648 to 630 nm within the first 5 minutes, followed by a red-
shift to 634 nm after 60 minutes. The alkoxy functionalized sample, SiNC-A, showed only a
blue-shift from 651 to 644 nm after 60 minutes. For SiNC-A only one experiment was carried
out to 60 minutes. Both SINC-D2 (partially oxidized dodecyl functionalized SiNCs) and SiNC-
D3 (minimally oxidized dodecyl functionalized SiNCs) showed the same behavior for all
experimental replicates - an initial decrease of wavelength over the first 5 minutes followed by a
gradual increase over 60 minutes. Shifts from 696 to 693 nm and then to over 693 nm was
observed for SINC-D2. SINC-D2 also shifted from 693 to 691 nm then to 692 nm. SiNC-D3
blue-shifted from 635 to 622 nm then to 625 nm. The second replicate for SINC-D3 shifted from

641 to 623 nm then above 623 nm in 60 minutes. SINC-D1, also with only one experimental

trial, showed a red-shift from 690 to 695 nm over 60 minutes.

3.4.2.2 Photobleaching of Silicon Nanocrystals in Vacuum Conditions
In inert atmosphere conditions the amount of photobleaching is lessened for all surface
chemistries. It is assumed that there is little or no free oxygen or water present that can facilitate

the photobleaching. UV irradiation is presumed to be the dominate source of photobleaching.?’
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Significant variations in photobleaching responses between SiNC samples was observed under
inert atmosphere.

The PL spectrum of the oxidized dodecyl functionalized SINC-D1 under UV irradiation
in vacuum shows a moderate amount of photobleaching as see in Fig 3.6a and c. The majority of
the photobleaching (approximately 10% of the initial intensity) occurs within the first 10 minutes
of exposure to UV radiation. After 60 minutes a final intensity between 80 and 90% is observed
for all three replicates. The wavelength of the PL initially shows a small red-shift in PL. maxima
followed by a slow decrease in wavelength (Fig 3.6e). The profile of the wavelength shift (a
small red-shift followed by slow blue-shift) was consistent between all three sample replicates in
inert atmosphere. The red-shift in all cases was approximately 1 nm followed by a blue-shift to,
or near to, the starting wavelength. The initial starting wavelength shifted from 695 nm to 681
nm over the period of time required to complete three photobleaching measurements for SiNC-

D1 (approximately one month).
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Fig 3.6 Photobleaching profiles for SINC-D1, oxidized dodecyl functionalized silicon nanocrystals. The
(a) PL spectra of the sample as a function of time, (c) PL intensity profile and (e) the approximate peak
wavelength under continuous UV illumination in inert atmosphere are shown. The (b) PL spectra (d) PL
intensity and (f) approximate peak wavelength of the sample are also shown under normal atmospheric

conditions as a function of time.
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The PL spectra SiNC-D2 (partially oxidized dodecyl functionalized SiNCs) shows a
small degree of photobleaching for all of the experimental replicates. The PL intensity plots
show a small initial decrease in PL intensity following the first 2 minutes of exposure to the UV
irradiation. However, there was variation between all three photobleaching experiments after 5
minutes of exposure for sample SiNC-D2. The first experiment showed a decrease in PL
intensity followed by a plateauing of the photobleaching at approximately 93% after about 60
minutes of exposure. In the following two replicate experiments, a small initial decrease in PL
intensity to approximately 96% was observed in the first 5 minutes but was followed by an
increase to approximately 98% of the original PL intensity as seen in Fig 3.7c within 60 minutes.
The photobleaching profiles for all the replicates of SINC-D2 in vacuum are shown in Appendix
1L

The PL photobleaching profiles were fairly consistent between experiments and showed a
blue-shift in PL. maxima of 1 to 2 nm during 60 minutes of UV exposure. Over the course of
approximately one month required to complete the experimental replicates, there was a small
blue-shift of the starting PL maxima from approximately 691 to 687 nm. This was similar to the
behavior observed for SINC-DI.

The photobleaching of the minimally oxidized dodecyl functionalized SiNCs (SiNC-D3)
showed an interesting trend. Initial exposure to UV light caused the PL intensity to increase.
After reaching a maximum the PL began to gradually decrease to about 80 to 85% of the
maximum intensity reached in 60 minutes (Fig 3.8a and c). A slight blue-shift in the PL of
approximately 3 nm was observed for all sample replicates. It was also observed for SINC-D3
that the starting wavelength maxima red-shifted from 640 to 644 nm during the time required for

collection of all sample replicates.
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The alkyl functionalized particles were expected to all have similar photobleaching
responses. However, the photobleaching profiles of the dodecyl samples SiNC-D1, SiNC-D2 and
SiNC-D3 were all remarkably different in inert conditions. It is therefore not possible to rule out
variations between SiNC samples despite having the same surface group. Prior surface oxidation

is the likely cause of variation between photobleaching responses of the same surface group.
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Fig 3.7 Photobleaching profiles for SiNC-D2, partially oxidized dodecyl functionalized silicon
nanocrystals. The (a) PL spectra of the sample as a function of time, (c) PL intensity profile and (e) the
approximate peak wavelength under continuous UV illumination in inert atmosphere are shown. The (b)
PL spectra (d) PL intensity and (f) approximate peak wavelength of the sample are also shown under

normal atmospheric conditions as a function of time.
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Fig 3.8 Photobleaching profiles for SiNC-D3, minimally oxidized dodecyl functionalized silicon
nanocrystals. The (a) PL spectra of the sample as a function of time, (c) PL intensity profile and (e) the
approximate peak wavelength under continuous UV illumination in inert atmosphere are shown. The (b)
PL spectra (d) PL intensity and (f) approximate peak wavelength of the sample are also shown under

normal atmospheric conditions as a function of time
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Photobleaching experiments of the perfluoro functionalized NCs (SiNC-B) showed an
interesting response. Exposure to the UV caused a very brief decrease in PL during the first
minutes of the experiment (Fig 3.9a). A steady rise in the PL intensity is then observed for the
remainder of the UV exposure. The initial PL intensity was approximately 85 -90% of the final
intensity reached during the photobleaching experiments. The PL wavelength maximum also
shows a steady red-shift throughout the experiment from 622 to 627 nm. The initial and final
wavelengths were the same among all replicates of the sample. The increase or photo-
enhancement of the PL from the perflouro-functionalized particles points to a passivation
mechanism of UV-induced defects states that would otherwise decrease the PL intensity.
Lockwood et al. observed an increase in PL intensity for hydride terminated particles irradiated
with an argon laser.*® However, the increase in PL intensity was only observed in ambient air
and not under inert atmosphere conditions. *° Previous observations of silicon nanocrystals
photobleached in humid argon increased in PL intensity, suggesting passivation of surface
dangling bonds by water molecules.’® Given the inert atmosphere and hydrophobic surface
group it is unlikely that water molecules would be able to passivate the surface and cause the
increase in PL intensity. SINC-B particles were also larger relative to the other samples. As a
result, size variation cannot be ruled out as a compounding factor effecting the photobleaching of
the particles.

The pentyl functionalized silicon nanocrystals (Fig 3.10) display a similar trend in
photobleaching to the aforementioned oxidized dodecyl functionalized nanocrystals (SiND-D1)
with respect to the amount of overall photobleaching. There is a slight variation between the
intensity profiles for experimental replicates, however a decrease to 87% 1is observed in 60

minutes for both replicates. The overall wavelength shift was inconsistent between sample
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replicates. The first photobleaching experiment showed a blue-shift from 650 to 648 nm over 60
minutes. The second replicate showed a blue-shift from 648 to 647 nm in the first 5 minutes
followed by a red-shift to 647 nm in 60 minutes.

The alkoxy functionalized silicon nanocrystals showed the largest amount of
photobleaching under inert conditions. After 60 minutes of exposure the intensity varied from 65
to 50% of the initial intensity for the sample replicates. A typical spectra and photobleaching
profile are shown in Fig 3.11a and c. A red-shift of the PL maxima was also observed for the
duration of UV exposure for the first two replicates. A shift of 624 to 633 nm over 60 minutes
was observed for the first trial and a shift from 625 to 637 nm was observed for the second
replicate experiment. The third replicate experiment showed a blue-shift for the first 5 minutes of
photobleaching from 630 nm to approximately 624 nm followed by a gradual red-shift of the
wavelength maximum to 628 nm at 60 minutes. Given the presence of oxygen in the functional
group, it is likely surface functionalized oxygen (Si-OR) is contributing to the photobleaching of
the SiNCs. Polarization of the silicon atom bonded to the oxygen may inductively weaken other
silicon-silicon surface bonds increasing the amount of photobleaching when exposed to UV
under inert conditions. The polarization may facilitate a process similar to the Cabrera-Mott
effect in which surface adsorbed water molecules polarize and weaken the Si-Si bond facilitating
bond breakage.’” A resulting dangling bond could act as a radiative trap decreasing the PL

intensity.?’
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Fig 3.9 Photobleaching profiles for SINC-B, perfluoro functionalized silicon nanocrystals. The (a) PL
spectra of the sample as a function of time, (c) PL intensity profile and (e) the approximate peak
wavelength under continuous UV illumination in inert atmosphere are shown. The (b) PL spectra (d) PL
intensity and (f) approximate peak wavelength of the sample are also shown under normal atmospheric
conditions as a function of time. The spectra in the middle of (a) is an artifact of the PL spectrum

collection process.
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Fig 3.10 Photobleaching profiles for SiNC-C, pentyl functionalized silicon nanocrystals. The (a) PL
spectra of the sample as a function of time, (c) PL intensity profile and (e) the approximate peak
wavelength under continuous UV illumination in inert atmosphere are shown. The (b) PL spectra (d) PL
intensity and (f) approximate peak wavelength of the sample are also shown under normal atmospheric
conditions as a function of time. The individual spectra at approximately 60 % in (a) is an artifact of the

PL spectrum collection process.
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Fig 3.11 Photobleaching profiles for SINC-A, alkoxy functionalized silicon nanocrystals. The (a) PL
spectra of the sample as a function of time, (c) PL intensity profile and (e) the approximate peak
wavelength under continuous UV illumination in inert atmosphere are shown. The (b) PL spectra (d) PL
intensity and (f) approximate peak wavelength of the sample are also shown under normal atmospheric

conditions as a function of time.
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The peak decay frequency of silicon nanocrystal PL can provide insight into the
mechanism of PL decay. The decay of the particles was first recorded under inert conditions in
order to minimize photobleaching associated with the laser excitation source. An initial decay
measurement prior to any photobleaching could not be obtained due to the nature of the
measurement itself. It was assumed that the initial photobleaching of the laser combined with the
introduction of air would approximate the photobleaching behavior of the SINC samples in air.
The decay measurements are summarized in Table 3.1 and Table 3.2.

A log normal distribution is an alternative model to the stretched exponential decay
model for fitting PL decay curves from SiNCs.***? The PL decay curves were fit to a log normal
probability distribution of decay frequencies (Eqn. 3.1) to give the peak decay frequency, I ..
The width of the distribution at 1/e is A. A is a normalization constant (Eqn.3.2). The mean log
lifetime of the silicon nanocrystal decay can be determined from the decay frequency using the

mean log equation (Eqn. 3.3).

2
_<1n1" —1n1"0>
. A
f(T) = Aexp \""o Eqn 3.1

2
arcsinhL
A= <\/E I,arcsinh (2?" ) exp <TZF°> ) Eqn 3.2

1

Logmeant = Eqn 3.3

eXpln( Fo)+%(arcsinh(2A—r,o)/\/§)2
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Table 3.1 Peak decay frequency parameters and log mean lifetime of silicon nanocrystal samples under

vacuum conditions.

Vacuum Measurements

Sample A I, Log Mean T

st st us
SiNC-D1 30060 11460 65
SiNC-D2 24100 9873 78
SiNC-D3 32010 20250 43
SiNC-A 54100 22540 34
SiNC-B 25970 15830 55
SiNC-C 44230 26810 32

Air Measurements

Sample A JS Log Mean T

st st us
SiNC-D1 40920 11930 55
SiNC-D2 37750 12010 57
SiNC-D3 72390 37400 22
SiNC-A 86400 24820 26
SiNC-B 74440 22510 30
SiNC-C 64480 27940 28

Table 3.2 Peak decay frequency parameters and log mean lifetime of silicon nanocrystal samples after the

introduction of air into the measurement chamber.

Lifetime measurements provide insight into the decay mechanism of silicon nanocrystals.
The PL decay lifetime can be described by 1/ T pL=1/T nr +1/T r and is equivalent to the sum of

the radiative and non-radiative decay times.*’ The log mean lifetimes of the silicon nanocrystals

are 10s of microseconds long and indicate band gap emission from freestanding SiNCs.*! In all

cases after in introduction of air, the log mean lifetime, T, was observed to decrease. The
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decrease in PL lifetime indicates a shorter PL decay pathway. UV exposure and oxidation of the
nanocrystals and the introduction of radiative trap surface states with faster relaxation times may
account of the decrease in lifetimes.*?

Photobleaching in ambient air was studied by FTIR to establish chemical changes to the
NC surface. An FTIR spectrum was recorded prior to photobleaching in air. The particles were
exposed to UV in air and the FTIR spectra was rerecorded to establish qualitative changes in
surface chemistry. The FTIR spectra are shown in Fig 3.12. Photobleaching in air for the
partially oxidized dodecyl functionalized sample SiNC-D2 and minimally oxidized dodecyl
functionalized SiNC-D3 was accompanied by an increase in Si-O stretching at 1100 cm™ with a
simultaneous decrease in Si-H intensity at approximately 2100 cm™. Sample SiNC-D2 also
showed a slight increase in —OH absorbance at 3300 cm™! likely due to an increase in silanol on
the surface. The oxidized dodecyl functionalized sample SINC-D1 also showed a decrease in the
Si-H absorbance but no conclusive change in Si-O could be discerned. The shorted chain pentene
sample SINC-C showed a decrease in Si-H but an increase in Si-O absorbance was not clearly
observed. SINC-D1 and SiNC-C originally had the largest Si-O absorbances. Perfluoro
functionalized SiNC-B shows decrease in Si-H but a negligible increase in Si-O in the FTIR
spectra. Alkoxy functionalized SINC-A showed an increase in Si-O and a decrease in the Si-H
absorption. The decrease in Si-H absorbance points to breaking of Si-H bonds resulting in
dangling bond trap states. Other researchers have also observed a decrease in the Si-H stretch in
FTIR of SiNCs when exposed to oxygen.?”2°> Changes in the Si-O may not occur in inert
atmosphere but the breaking of Si-H bonds is still expected to occur with UV light exposure in

inert atmosphere.
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Fig 3.12 FTIR spectra of (a) SINC-DI, (b) SiNC-D2, (¢) SiNC-D3, (d) SiNC-A, (e) SiNC-B and (f)
SiNC-C initially (red curve) and after of exposure to UV irradiation (black curve). The black curve for
SiNC-D1 (a) was recorded after 60 minutes. All other spectra were recorded after 90 minutes of UV

irradiation.
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3.5 Conclusions

The role of surface chemistry was investigated using four different surface groups
functionalized on silicon nanocrystals. Photobleaching was greatest for all surface groups in
ambient conditions. In inert conditions, all dodecyl functionalized samples groups were expected
to have similar photobleaching responses. This was not observed. The photobleaching response
showed variation between dodecyl functionalized samples and is concluded to be due to differing
amounts of prior surface oxidation of the SiNCs. The ketone displays the greatest degree of
photobleaching of the all the NCs in inert conditions. Polarization of the Si-Si surface bonds by
the direct Si-O linkage is concluded to facilitate the UV induced bond breakage resulting in an
increase in photobleaching. It is concluded that the amount of oxidation and type of oxidation of

the NCs plays a stronger role in the photobleaching response of SiNCs than the ligand type.
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Chapter 4 Conclusions and Future Work

The effect of surface chemistry on the optoelectronic properties of silicon nanocrystals
was investigated. Specifically, the electronic properties and photostability of SiNCs were
investigated as a function of surface chemistry. The conclusions are summarized along with

1deas for future work.

4.1 Surface Functionalization of Silicon Nanocrystals with Electroactive End
Groups

4.1.1 Conclusions

Surface functionalization of SiNC with a ferrocene moiety was successful. Surface
characterization techniques including FTIR, NMR and XPS confirmed the presence of ferrocene
functionalized to SiNC. The PL response of the SiNCs was modified as a result of the electronic
interactions between the nanocrystal and the electroactive surface group. Investigation into the
interaction as probed by CV revealed a change in the ferrocene electrochemical response from
electrochemically reversible to irreversible. STS measurements show a shift in the SINC valence
band to more negative values typical of n-type doping.! Electron transfer from the ferrocene to

the silicon nanocrystal accounts for the observations.

4.1.2 Future Work

Bulk silicon is limited in optical technologies due to its poor luminescent properties;
however, SiINCs show promise in such technologies due to their PL. The functionalization of
ferrocene to the surface of SiNCs leads to loss of PL in the ferrocene functionalized material.

Studies on bulk silicon have revealed that electron transfer to the silicon electrode from an
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external redox couple can be controlled provided a sufficiently thick insulting monolayer on the
bulk silicon.? A longer alkyl chain used to tether the ferrocene moiety to the SiNC may provide
sufficient isolation of the systems to render a luminescent, electroactive hybrid material.
Ferrocene molecules with longer alkyl chains could be synthesized via a number of routes:
lithiation of ferrocene followed by reaction with halide terminated long chain alkenes,® or click
reactions.* Tailoring of the electroactive ligand and selection of a species that would not undergo
electron transfer with the SiNCs may also lead to the formation of a luminescent electroactive

hybrid material.

4.2 Photostability of Surface Functionalized Silicon Nanocrystals

4.2.1 Conclusions

The photostability of SiNCs functionalized with a series of surface groups was
investigated in air and inert atmosphere in chapter 3. Samples exposed to UV light in air showed
a dramatic decrease in PL intensity. Only two samples, the oxidized dodecyl (SiNC-D1) and
pentyl (SINC-C) functionalized SiNCs, showed increased resistance to photobleaching after 60
minutes relative to the other samples. SIND-1 showed a decrease to 37 % of the initial intensity
while SINC-C showed a decrease to 46 and 22 % after 60 minutes. The remainder of the samples
showed decreases in intensity to near or below 15 % after 60 minutes of UV exposure in air.
Larger variations in the photobleaching response occurred in inert atmosphere. The variation
between surface groups is concluded to be more pronounced in inert atmosphere due to the
exclusion of water and oxygen. PL intensity of the perfluoro functionalized SiNC increased
under UV exposure. As well the minimally oxidized dodecyl functionalized SINC showed an

increase in PL intensity followed by a decrease to between 80 and 85 % of the initial intensity.
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The two other dodecyl samples did not show the same behavior during inert UV exposure. The
variation is concluded to be due to prior surface oxidation of the particles rather than the surface
ligand. Alkoxy functionalized SiNCs showed the largest amount of photobleaching reaching
approximately 6 and 50 % in atmospheric and inert conditions respectively. Polarization of the
SiNC surface by the direct Si-O linkage is concluded to increase the photo-instability of the

SiNC.

4.2.2 Future Work

More efficient surface passivation techniques are required to more thoroughly determine
the influence of surface ligands on photostability of SINC PL while limiting the effect of SINC
oxidation. Photostable SiNC have been reported via a double hydrosilylation process.’ Using the
double hydrosilylation technique it may be possible to produce SiNC that are even less
susceptible to oxidation. By limiting the effect of oxidation, the effect of surface chemistry on
photostability could be more easily interrogated.

Different surface functionalities may also be explored. The surface groups studied here
were hydrophobic in nature. Hydrophilic groups could also be investigated. Hydrophilic
functionalization of SiNCs is often necessary for targeted cell and imaging studies.® It was
determined from the lifetime measurements that the SiNCs investigated in this work emit via
recombination in the band gap. Surface state emission may be more susceptible to
photobleaching.” Investigation into the photostability of surface state emitting particles may

provide more insight into achieving photostable SiNCs.
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Appendix I
ALl Surface Coverage Determination from NMR for FeD-SiNC

Al.1.1 Theoretical Outline

mass of sample # surface hydride
(Volume SiNC)(density Si) SiNC

Theoretical number of surface hydrides =

mass of sample
(Volume SiNC)(density Si)

Total # of nanocrystals in sample=

# of Ligands Determined from NMR

. . (Volume Std used) (%) (density TMS)
moles of TMS in XmL of CdC13 with 0.03%TMS Std = 100

MWryms

# TMS H in sample = (moles TMS)NA (— =)

TMS molecule

” ligand Hs in sample — #TMS H (Integrated Area of ligand H in NMR)

Integrated Area of TMS H in NMR

# ligand H
number of protons)
ligand area in NMR

# ligands in sample = (

Total number of ligands )

# of surface ligands per nanocrystals = (. ,
Total number of SiNC

number of surface ligands per nanocrystal

Surface Coverage = - -
theoretical number of surface hydrides
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Al.1.2 Sample Calculation Number of Ligands Determined from NMR

) . 4m 200 surface hydride
Theoretical Number of surface hydrides = — g 4 - 4
G m1.4nm3)(2.328g/cm3) 2.8nm SiNC
= 2.99 x 10%°

(Volume Std used) (%) (density TMS)
moles of TMS in XmL of CdCI13 with 0.03%TMS Std =

MW7y
0.6mL)(22)(0.648g/mL)
= ) = 1.32 X 10™%mol
88.23g/mol
12H

# TMS H in sample = (moles TMS)NA(— )= 9.55 X 108Hs

# dodecyl Hs in sample = # TMS H (mtegmted area of hgand Hin NMR) =955 x 1018 (2—5)
Integrated area of TMS H in NMR 1

= 2.39 x 10%%Hs

: . _ # ligand H _ 2.39%x10%0
# dOdeCyl hgands m Sample_ (number of protons integrated) - ( 25 )
ligand molecule dodecylligand

= 9.55 x 108 dodecyl ligands

# ferrocenyl Hs in sample = # TMS H (A;i‘:ao]; ?‘i‘;:sng’:V]LZR) = 9,55 x 1018 G)

= 4.78 x 10 Hs

uf | ligands i e = # ligand H _ 955x10"®
crrocenyl ligands 1n sample = (number of protons integrated) - ( 9 )
ligand molecule ferrocenyl ligand

= 5.31 x 108 ferrocenyl ligands

Total number of ligands )

# of surface ligands per nanocrystals = ( ,
Total number of SINC

100



4mg
(3 m1.4nm3)(2.328g/cm?)

Total # of nanocrystals in sample=

= 1.49 x 10%7SiNC in 4mg sample

9.55x1018 ligands
1.49%x1017 SiNC

# of dodecyl ligands per nanocrystal = ( ) = 65

5.31x108 ligands
1.49%x1017 SINC

# of ferrocenyl ligands per nanocrystals = ( ) =34

number of surface ligands per nanocrystal

Surface Coverage = - -
theoretical number of surface hydride

_ (9.55x 10" +5.31 x 10'°)

299 % 1019 X 100 = 50%
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AlL2 Surface Coverage Determination by TGA for FcD-SiNC

Al.2.1 Theoretical Outline

Total Weight% (Wt%) Loss = 49.3%

number of protons/ligand A

integratoin area of ligand AH in NMR )

. A .
Mole Ratio — (calculated from NMR Integration) = ( Tntegration area of ligand B H in NMR
number of protons/ligand B

MWA)

. A A . A
Wt% of ligand= = L (mole ratio = X —
B WtB B~ MWB

Wia+Wig =1
g, A
Wta= Wt WeB

1
(+ie)

1 WtA

= WA
72y WtB
I+

Wta

Wt% Loss of ligand A = Wt% of ligand A X Total Wt% Loss

Wt% Loss of ligand B = Wt% ligand B X Total Wt% Loss

(Wt% lossA)

. MWA
0 J—
Mole% of hgand A= (Wt% lossA Wt% lossB  100—Total Wt%loss)>< 100
MWA  MWB MWSi
(Wt% lossB)
. MWB
0 J—
Mole% of hgand B= (Wt% lossA Wt% lossB  100—Total Wt%loss)>< 100
MwA ' MwB MWSi
(100—Total Wt%loss)
0 13 _ MWSi
Mole% Silicon = (Wt% lossA | Wt% lossB | 100—Total Wt%loss)>< 100
MWA ' MWB ' MWSi
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. mole % ligand .1
# of ligands per nanocrystals =122 2 88T  number of silicon atoms / nanocrystal

mole % Si

Total number of ligands

% Surface Coverage = 100

Number of surface hydrides/nanocrystal
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Al2.2 Sample Calculation

. F _ WtF . F
Wt% of ligand— = L (mole ratio — X
D wtD D

5Hin NMR

MWF) [ 9Hper ferrrocene 217g/mol =0.718
Mwp __25HinNMR 168g/mol )

25 H per dodceyl

Wie+ Wip = 1 WIE —0.718
WtD
Wt = Wtp 0.718
Wip 0.718 + Wip = 1
Wip (0.718+1) =1
J— 1 —
Wip = = 0.582
_ _ 0718
Wip = oo X 0.718 = 200 = 0418

Wt% Loss of ferrocenyl ligand= 0.418 X 49.3% = 20.6%

Wt% Loss of dodecyl ligand= 0.582 X 49.3% = 28.7%

20.6
Mole% of ferrocenyl ligand = ( TN (1217%?01)1 100_49.3) =0.045%x100 =4.6%

217g/mol  168g/mol ' 28g/mol

28.7
Mole% of dodecyl ligand = —5% 51682‘%/.;"0{100_49.3 =0.082x100 = 8.2%
(217g/mol "168g/mol ' 289/mol)

( 100—49.3)

Mole% Silicon = —5¢ L1682‘953/.;nol100_49.3 x100 =0.872x100 = 87.2%
(217g/mol "168g/mol ' 28g/mol)

847'6203 X 600 = 32 ferrocenyl ligands/nanocrystal

# of ferrocenyl ligands per nanocrystals =

887'2203 X 600 = 57 dodecyl ligands/nanocrystal

# of dodecyl ligands per nanocrystals =

32+

% Surface Coverage = T;ﬂ X 100 = 44%
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Appendix 11
AIlL1 Photobleaching Wavelength Shifts
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Fig AIl.1 Wavelength peak shifts for SINC-D1 in (a) air and (b), (¢) and (d) vacuum.

105



700 700

E 6984 g Te69] b
£ £
= 696 < 6%
2 694 D 594 i
T 692 ) ° 692
= 690 = 690
T 688 - = 688
@ i
& 686 B 586
0 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80
Time (min) Time (min)
— 694 - — 694 -
E c £ d
£ £
£ 692 4 £ 692 4
5 =)
& : 5
2 690 2 690 -
5 . 5
Z gag | = 688 |
X - —
S ©
[ <]
o 586 - 0 G686 -
0 10 20 30 40 50 60 70 80 90 0 20 40 60 80 100 120
Time (min) Time {min)

690

688 -

686 | oo,

684 -

682 -

Peak Wavelength (nm)

680

0 10 20 30 40 50 60 70 80 90
Time (min)

Fig AIL.2 Wavelength peak shifts for SINC-D2 in (a) and (b) air and (c), (d) and (e) vacuum.
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Fig AIL.3 Wavelength peak shifts for SINC-D3 in (a) and (b) air and (c), (d) and (e) vacuum.
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Fig AIL.4 Wavelength peak shifts for SINC-A in (a) and (b) air and (c), (d) and (e¢) vacuum. The first air
measurement was recorded for only 3 minutes. The results of the measurement were included in the

analysis.
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Fig AIL5 Wavelength peak shift for SINC-B in (a) and (b) air and (c) and (d) vacuum.
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Fig AIlL.6 Wavelength peak shift for SINC-C in (a) and (b) air and (c) and (d) vacuum.
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AIL?2 Photobleaching Intensity Profiles
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Fig AIL7 Photobleaching intensity profiles of SINC-D2 in vacuum.
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