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Kurzfassung

Silizium-Nanokristalle (SiNCs) haben in den letzten Jahrzehnten aufgrund ihrer vielfaltigen
(potenziellen) Anwendungen in Forschung und Industrie groRes Interesse geweckt. SINCs kdnnten zum
Beispiel fur 1) In Licht-Energie-Umwandlungsprozesse wie photovoltaische Lichtabsorber,
lumineszierende Solarkonzentratoren und SiNCs-Solarzellen, 2) in der Optoelektronik z.B. fir
Leuchtdioden und Laser mit Nahinfrarot-Emission, 3) in der Sensortechnik z.B. fiir kleine
Temperatursensoren und 4) in der photodynamischen Therapie als chemische Sonden und als
"Trojanisches Pferd" in der Theranostik und photodynamischen Therapie. Die kritischen Faktoren fir
solche Zwecke sind fiur SiNCs eine grof3e Quantenausbeute, geringe GréRenverteilung und hohe chemische
Stabilitat. Daher konzentriert sich diese Forschung auf die Herstellung von SiNCs mit grofer
Quantenausbeute und geringer GroRenverteilung durch Optimierung der verschiedenen Schritte im

Syntheseprozess: Glithen, Atzen und Funktionalisierung.

Im ersten Teil dieser Arbeit wird die Rolle der Alkylkettenlangen als Passivierungsmittel
untersucht. Der Einfluss der Alkylkettenl&dnge auf die photophysikalischen Eigenschaften und die Stabilitét
wurde durch Funktionalisierungsreaktionen verschiedener Alkylkettenlangen mit SiINCs untersucht. Diese
Arbeit stellte die Hypothese auf, dass eine Verringerung der Alkylkettenldnge zu einer Verringerung der
sterischen Behinderung fiihrt, was sich auf die Oberflachenbedeckung, die photophysikalischen
Eigenschaften und die Oxidation auswirkt. Die Funktionalisierungsreaktion von langen Alkylketten wird
durch Dodecyl (C12), Tetradecyl (C14) und Hexadecyl (C16) dargestellt, wéhrend fiir die mittelkettige
Hexyl- (C6), Octyl- (C8) und Decylkette (C10) und fir die kurze Kette Allyl, Methylether (C3) und Pentyl
(C5) verwendet werden. Alle funktionalisierten Alkyl-SiNCs zeigen starke Emission in Rot bis Nah-
Infrarot (600-1000 nm). Der hdchste photolumineszente Quantenausbeutewert (PLQY) wurde von (C3)-
SiNCs mit nahezu ~ 41% erreicht. Es besteht die Tendenz, dass die PLQY mit zunehmender Anzahl von
Kohlenstoffen in der Alkylkette abnimmt. Das photolumineszente (PL)-Emissionsmaximum aller
funktionalisierten SiNCs liegt zwischen ~850 nm fiur (C5)-SiNCs und ~905 nm fir (C16)-SiNCs.
Mittlerweile zeigt die PL-Lebensdauer ~157 s fiuir (C5)-SiNCs bei 820 nm PL-Emission und ~120 s fir
(C16)-SiNCs bei gleicher PL-Emission. Die Haltbarkeit aller synthetisierten Materialien wurde
systematisch untersucht, um die Charakterisierung der SiNCs abzuschliefen. Nach sechsmonatiger
Lagerung unter dunklen Umgebungsbedingungen (PLQY/PLQYO0 > 0,9) wurden keine signifikanten
Veranderungen der Photolumineszenz-Emissionen beobachtet. Daher besitzen Alkyl-SiNCs, die mittels
mikrowellenunterstitzter Hydrosilylierungsreaktion funktionalisiert wurden, eine ausgezeichnete

photophysikalische Stabilitét.

Im zweiten Teil dieser Arbeit wurde die Funktionalisierung von SiNCs mit Farbstoffen zur
Verbesserung der Lichtabsorption als Strategie zur Erhdhung der Helligkeit der SiNCs-Emission

untersucht. Es wird erwartet, dass der konjugierte Farbstoff und SiNCs aufgrund der zusétzlichen



Absorption durch die Farbstoffmolekiile hdhere PL-Emissionen aufweisen. Perylen- und
Dipyrromethenbordifluorid-Farbstoffe (BODIPY) werden verwendet, um die Lichtabsorption im
sichtbaren Bereich der elektromagnetischen Strahlung zu erhéhen. Perylen und BODIPY absorbieren
Photonen im Bereich von ~350-500 nm bzw. ~450-600 nm. Aufgrund der Farbstoffanhaftung zeigten
Perylen-SiNCs bei ~350-500 nm eine ~10-fache Verbesserung der Lichtabsorption, wahrend BODIPY-
SiNCs bei ~450-600 nm eine ~3-fache Verbesserung der Lichtabsorption zeigten. Hier beobachten wir den
effizienten Energietransfer von Farbstoffen zu SiNCs, der zu einer PL-Emissionsverstarkung von SiNCs
fuhrt. Die Ergebnisse zeitaufgelOster photolumineszenter Spektroskopiemessungen zeigten, dass die
Abklingzeiten von gebundenen Perylen- und BODIPY-Farbstoffen ~100-mal kiirzer waren als die der
ungebundenen Farbstoffe, was zu einer berechneten Effizienz von > 95% flir den Energietransfer fuhrte.
Die effiziente Energietibertragung der Farbstoffmolekiile auf SiNCs fihrt zu einer Erhdhung der
Emissionen von Perylen-SiNCs und BODIPY-SiNCs im nahen Infrarot (NIR) um ~ 270% bzw. ~ 140%
bei Anregung bei 440 nm bzw. 515 nm. Trotz der Zunahme der absoluten Helligkeit der Emission
(aufgrund der Absorptionsverstarkung) bewirkt die Ruckenergielibertragung von den SiNCs auf den
Farbstoff eine Abnahme der PLQY von perylenmodifizierten SiNCs im Vergleich zu unmodifizierten
SiNCs. Wir gehen davon aus, dass eine effiziente Rickenergietibertragung von SiNCs auf Perylen (iber
einen Perylen-Triplett-Zustand erfolgen muss. Der Perylen-Triplett-Zustand liegt im Bereich von ~800-
850 nm und fallt mit der PL-Emission von SiNCs zusammen (~800-860 nm). Die Koinzidenz der
Energiezustande kdnnte genutzt werden, um den Perylen-Triplett-Zustand zu bevolkern, und tiber Triplett-
Triplett-Energietibertragung zur Bildung von Singulett-Sauerstoff (*O,) filhren.

Im letzten Teil dieser Arbeit wurden die kovalent verankerten Perylen-SiNCs, die Uber eine
mikrowellenunterstiitzte Hydrosilylierungsreaktion synthetisiert wurden, auf ihre Fahigkeit zur Erzeugung
von 102 untersucht. Obwohl Alkyl-SiNCs keine intrinsische Fahigkeit besitzen, 1O, zu erzeugen, zeigt
diese Arbeit, dass Perylen-SiNCs 'O, mit einer moderaten Quantenausbeute (da) von bis zu 27% in
Cyclohexan erzeugen. Diese Ergebnisse wurden durch Messung der Singulett-Sauerstoff-Phosphoreszenz
bei 1270 nm erzielt. SiNCs spielen eine wichtige Rolle bei der Erzeugung von 'O, mit Perylen-SiNCs-
Konjugaten, da SiNCs UV- und blaue Strahlung ernten und die absorbierte Energie in einen Triplett-
Zustand der angelagerten Farbstoffe tibertragen koénnen. Die Triplett-Zustandspopulation nimmt zu und
filhrt zu einer Zunahme der 'O,-Erzeugung. Gleichzeitig zeigten die SiNC-Farbstoffkonjugate NIR-
Lumineszenz mit einer PLQY von bis zu 22%. Das Lumineszenzverhalten und die photosensibilisierenden
Eigenschaften des SiNC-Farbstoffkonjugats kdnnten daher als neue multifunktionale Plattform im Bereich

der Bioanwendungen von Interesse sein.



Abstract

Silicon nanocrystals (SiNCs) have attracted great interest in recent decades due to their diverse
(potential) applications in research and industry. For example, SiNCs could be used for: 1) In light-to-
energy conversion processes such as photovoltaic light absorbers, luminescent solar concentrators, and
SiNCs solar cells. 2) In optoelectronics such as near-infrared emission light-emitting diodes and lasers. 3)
In sensor technology such as small-scale temperature sensors. 4) In photodynamic therapy as chemical
probes and as "Trojan horse" in theranostics and photodynamic therapy. For such purposes, the critical
factors for SiNCs are high quantum yield, narrow size distribution, and high chemical stability. This
research is focused on the production of high quantum yields SiNCs with a narrow-size distribution
achieved through optimization of the various steps in the synthesis process: annealing, etching, and

functionalization.

The first part of this thesis examines the role of alkyl chain lengths as a passivating agent. The
effect of alkyl chain length on photophysical properties and stability was investigated through
functionalization reactions of various alkyl lengths with SiNCs. This thesis hypothesized that a reduction
of alkyl chain length results in a reduction in steric hindrance, which impacts surface coverage,
photophysical properties, and oxidation. The functionalization reaction of long alkyl chains is represented
by dodecyl (C12), tetradecyl (C14), and hexadecyl (C16), while for the medium-chain hexyl (C6), octyl
(C8), and decyl (C10) and for the short-chain represented by allyl, methyl ether (C3), and pentyl (C5). All
functionalized alkyl-SiNCs show strong emission in red to near-infrared (600-1000 nm). The highest
photoluminescent quantum yield (PLQY) value was achieved by (C3)-SiNCs to be close to ~ 41%. There
is a tendency of decreasing PLQY with increasing number of carbons in the alkyl chain. Photoluminescent
(PL)-emission maximum of all functionalized SiNCs is located from ~850nm for (C5)-SiNCs to ~905 nm
for (C16)-SiNCs. Meanwhile, PL-lifetimes shows ~157 ps for (C5)-SiNCs at 820 nm PL-emission and
~120 ps for (C16)-SiNCs at the same PL-emission. The shelf life of all synthesized materials was
systematically investigated to complete the SiNCs characterization. No significant changes in
photoluminescence emissions were observed after six months of storage in dark ambient
conditions (PLQY/PLQYo > 0.9). Therefore, alkyl-SiNCs functionalized via microwave-assisted

hydrosilylation reaction possess excellent photophysical stability.

In the second part of this thesis, the functionalization of SiNCs with dyes to enhance the light
absorption was investigated as a strategy for increasing the brightness of SiNCs emission. The conjugate
dye and SiNCs are expected to have higher PL-emissions due to the additional absorption from the dye
molecules. Perylene and dipyrrometheneboron difluoride (BODIPY) dyes are used to enhance light
absorption in the visible range of electromagnetic radiation. Perylene and BODIPY absorb photons in the
range of ~350-500 nm and ~450-600 nm, respectively. Due to dye attachment, perylene-SiNCs at ~350-
500 nm exhibited a ~10-fold enhancement in light absorption, whereas BODIPY-SiNCs at ~450-600 nm



exhibited ~3-fold enhancement in light absorption. Here, we observe the efficient energy transfer from dyes
to SiNCs, which leads to PL-emission enhancement of SiNCs. The results of time-resolved
photoluminescent spectroscopy measurements demonstrated that the decay times of bound perylene and
BODIPY dyes were ~100 times shorter than the unbound dyes, which led to a calculated efficiency
of >95% for the energy transfer. The dye molecules' efficient energy transfer to SiINCs leads to an increase
in emissions from perylene-SiNCs and BODIPY-SiNCs in the near-infrared (NIR) by ~ 270% and ~ 140%
when excited at 440 nm and 515 nm, respectively. Despite the increase in the absolute brightness of the
emission (due to absorption enhancement), back energy transfer from the SiNCs to the dye causes a
decrease in the PLQY of perylene-modified SiNCs compared to unmodified SiNCs. We foresee that
efficient back energy transfer from SiNCs to perylene must occur via a perylene triplet state. The perylene
triplet state lies in the range of ~800-850 nm and coincides with SiNCs PL-emission (~800-860 nm). The
coincidence of the energy states could be employed to populate the perylene triplet state, and via triplet-

triplet energy-transfer could lead to the formation of singlet oxygen (*O,).

In the last part of this thesis, the covalently anchored perylene SiNCs, which were synthesized via
a microwave-assisted hydrosilylation reaction have been examined for its ability to generate 1O,. Although
alkyl-SiNC does not possess an intrinsic ability to produce 1O,, this thesis shows that perylene-SiNCs
produce 1O, with a moderate quantum yield (®a) of up to 27% in cyclohexane. These results were obtained
by measuring singlet oxygen phosphorescence at 1270 nm. SiNCs play an important role in generating 1O,
with perylene-SiNCs conjugates, as SiNCs can harvest UV and blue radiation and transfer the absorbed
energy to a triplet state of the attached dyes. The triplet state population increases and leads to an increase
in 1O, generation. At the same time, the SINC-dye conjugates demonstrated NIR luminescence with PLQY
up to 22%. The luminescence behaviour and photosensitizing properties of the SINC-dye conjugate could
therefore attract interest as a new multifunctional platform in the field of bio-applications.
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1 Introduction

1.1 Research evolution on silicon nanocrystals

The history of quantum dots (QDs) or nanocrystals (NCs) based on semiconductors (group 11B,
1A, IVA, VA, and VIA) can be traced back to the invention of diffused CuCl and CdSe nanocrystals in a
glass substrate by Ekimov in the 1980s [1, 2]. Although a comprehensive theory about the properties of
these QDs came out later, the impacts of this invention were remarkable [3]. Indeed, for more than 30 years,
people have tried to understand the physical properties of QDs and exploit those in a large variety of
devices, such as solar cells, light-emitting diodes (LEDSs), television light-emitting displays, sensors,
bioimaging, and photodynamic therapy [4]. The primary feature of QDs is size-induced tuneable emissions,
spanning from ultraviolet to a near-infrared spectrum with a relatively narrow distribution and relatively
high photoluminescent quantum yields (PLQY). QDs demonstrate a broad absorption spectrum, with larger

cross-sections compared to fluorescent dyes (chromophores) [5].

The use of QDs in solar cell technology has long been one of the most significant research and
development concerns [6]. QD’s solar cells are expected to surpass the Shockley—Queisser power
conversion efficiency of 33% for silicon-based solar cells [7]. QDs such as PbSe show the ability to generate
multiple excitons [8] from a single photon [9]. In 2016, Lan et al. [10] reported that solar cells made from
PbS provided a power energy conversion of 9.9% [10]. This record was then broken two years later by Xu
et al. [11], who modified the distance between the QDs using the inorganic matrix and attained a power
conversion efficiency of up to 12%, the highest record reported to date [11]. There is still a lot of work and
improvement that needs to be done in the technological and scientific approach to surpass the Shockley—

Queisser power conversion efficiency.

In light-emitting diodes (LED), QDs are used as a luminescent centre. Metal-based QDs [12]
have been used to generate electroluminescence at various wavelengths of visible light, such as the ZnCdS
quantum dot for blue luminescent (~ 440 nm), combinations of ZnSe / CdSe / ZnS quantum dot for green
light luminescent (~ 550 nm) and ZnCdSe QDs for red light emission (~ 630 nm) [13]. The biggest
challenge in quantum dot-based LEDs is relatively low PLQY [13]. Bozyigit et al. [14] proposed that the
main reason is the high luminescent quenching due to Auger recombination. Thus, it takes a compelling

material design to suppress this Auger process as much as possible [14].

Another potential application of semiconductor QDs is in photoluminescent (PL)-based sensors
technology [15]. Among the fluorophore materials — e.g., organic dyes, transition metal complexes, and
semiconductor QDs —semiconductor QDs offer an advantage over other materials (e.g. luminol and
ruthenium bipyridine Ru(bpy)s?*) in sensors technology due to their broad absorbance band in the
ultraviolet and visible range, longer PL-lifetimes (in microseconds), good stability, and relatively low

production cost [16]. Therefore, there is a high degree of freedom to choose the excitation wavelength to



get a relatively narrow emission [17]. An optical [18, 19] and smart temperature sensors [19, 20] made of
QDs could be used to detect a rise in temperature [21] at the first state precautions of contagious/infectious
diseases [22]. Semiconductor QD based sensors are expected to contribute substantially to modern sensing
technology because of the device's effectivity and reliability [23]. However, some problems arise in
fabricating QDs based sensors, including low solubility of QDs materials, amplifying photoluminescent
properties, and improving PL-sensing [16].

Due to the chemical stability [24, 25], sensitivity [26, 27], and minimal invasiveness [28] of
QDs, it is ideal to be used as a fluorescent probe in bioimaging [29], including optical imaging [30, 31],
and magnetic imaging [32]. Fluorescent QDs with significant quantum yields could benefit optical imaging
(e.g., CuInS; QDs with high PLQY synthesized in a microwave reactor) [33]. In addition, the magnetic
resonance from unpaired electrons distributed in f-orbitals could be used to synthesize a magnetic imaging
probe quantum dot (e.g., in Gd-doped CulnS2/ZnS, synthesized in microwave reactor) [34]. Finally, some
semiconductor QDs such as CdSe, CdTe, CdS, PbS, PbSe, and PbTe have become a topic of interest over
the last decades, as photothermal probes in photodynamic therapy [35-37].

However, toxicity becomes one of the main drawbacks of those semiconductors (group 11B, 1A,
IVA, VA, and VIA) QDs [38]. Some elements in (1IB, IIIA, IVA, VA, and VIA) groups are known
hazardous for humans, and there are many reported cases about Cd [39]and Pb-poisoning [40-42]. On the
other hand, silicon is a non-toxic element that is also very abundant in nature [43, 44]. However, due to its
indirect bandgap, silicon has limited emission properties. Therefore, excited electrons need another
pathway (phonon mediated) to recombine with holes [45-47]. Such a recombination pathway does not emit
photons effectively (see Figure 1-1). In photonic and optoelectronic applications, the potential of bulk
silicon is less exposed until the luminescence of porous silicon is observed [45, 46], proposing that porous
silicon’s luminescence are due to the so-called quantum confinement effect [47]. In addition to porous
silicon, quantum confinement could also be achieved by silicon particles having spatial dimensions in a
few nanometres, nearly at the range of the Bohr radius (< 5 nm) [48, 49]. The spatial dimension of a silicon
particle in the Bohr radius range is called silicon nanocrystals (SiNCs). This breakthrough invention opens
up a new era of silicon chemistry into a vicinity dimension, related only in two aspects of interest, either

by tuning the particle size or ligands modification by functionalization [50].
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Figure 1-1. Schematic illustration of (a) direct bandgap and (b) indirect bandgap semiconductor

The emission from SiNCs of different sizes has been intensively studied for more than 30 years,
and as well as in direct bandgap semiconductor QDs, the emission of SiNCs could also be tuned from
orange-red (~590-800 nm) at particle size ~1-3.5 nm into Near Infrared (NIR) at ~800-1,100 nm at particle
size ~3.6 — 12 nm. In Google Scholars©, the number of publications in luminescence SiNCs is astonishing.
Our data present a positive trend since 1990, and the peak shows 12,000 articles published in 2017 (Figure
1-2a). When we specify our search only for photodynamic therapy, which is one of the potential
applications in the future of luminescence SiNCs, the data shows sharp increases since 2000, from ~0 to
~6000 articles in 2019 (Figure 1-2b).
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Figure 1-2. The number of articles describing luminescent SiNCs published since 1991 retrieved
using Google Scholar search engine with the keywords: (a) “luminescence of SINCs”; and
(b) “SiNCs in photodynamic therapy”.

In this thesis, | seek to answer the following research questions relating to SiNCs research:

(1) How surface passivation with different alkyl chain length has affected the photophysical and stability
of SiNCs,

(2) How surface passivation with chromophores/dyes could be used as an alternative to enhance the

luminescent properties of SiNCs, and



(3) How energy transfer from SiNCs could be used to enhance singlet oxygen production of

chromophores/dyes.

There may be some other challenges in the SiNCs research that is not covered in this thesis.

Nevertheless, the challenges will be discussed in more detail in the following chapters.

In Chapter 1, semiconductor QD research's evolution has been discussed briefly—the essential
and potential application of semiconductor QDs in daily life. Furthermore, SiNCs, as part of semiconductor
QDs, were described as advance than others in toxicity. Therefore, SINCs research demonstrated a positive
trend in the last few decades. In the closing section, our small contribution was described to the future of

SiNCs research.

Chapter 2 will describe the literature study, including the luminescent origin of SiNCs, an
overview of various chemical and physical methods for fabrication of hydride functionalized (H-SiNCs),
an overview of functionalization reactions for surface modification of H-SiNCs, and an overview of
efficient energy transfer. Herein, the luminescence properties are described both using quantum
confinement and surface modification. Whereas the synthetic method of hydrogen-terminated SiNCs is
described by using top-down and bottom-up approaches. The functionalization reaction is described based
on the existing literature methods, including thermal and radical initiated functionalization reactions.
Indeed, the reference work on dye functionalization and the ligands' vital role in passivation is described
herein. The literature review on efficient energy transfer of dye modified QDs (CdTe), and SiNCs is

described in the final section.

Chapter 3 will describe the methodology, covering the experimental section of the SiNCs
synthesis, characterization methods, and measurements of photophysical properties. The synthesis starts
from hydrogen functionalized SiNCs, followed by the functionalization reaction using alkyl and
chromophore/dyes. Resulting in materials which are then cleaned and purified and ready for structural and
optical characterization. The structural characterization is conducted using ultra-violet-visible (UV-Vis)
spectroscopy, fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), transmission
electron microscope (TEM), and dynamic light scattering (DLS). Whereas the optical characterization is
performed using PL-excitation and emission, PLQY, and PL-lifetimes measurements. In chapter 3, PLQY
measurements are described using comparative and absolute methods. Additionally, singlet oxygen yield
measurements are described using the chemical and phosphorescent methods. Finally, a brief description

of the uncertainty in computation is discussed.

Chapter 4 will present the results of the synthesis and characterization of alkyl functionalized
SiNCs. Herein, the functionalization reaction with different alkyl chain lengths is described in the
discussion. The effect of different alkyl chain lengths passivation on PLQY and stability is well described
in PLQY vs. alkyl chain length and PLQY vs. time. TEM and DLS data describe the effect of
functionalization on the particle size. In addition, FT-IR analysis presents the oxidation level of different

alkyl chain length functionalization SiNCs.



Chapter 5 will present the results on dye functionalized SiNCs. The dye has an essential role as
a light antenna to absorb light at the visible region of electromagnetic radiation. The fact is that alkyl-
SiNCs’ have minimum absorption at 400 to 600 nm. Therefore, dyes are expected to enhance the absorption
and donate their energy to SiNCs via efficient energy transfer. Here, two different dyes are using namely
perylene and BODIPY. The results demonstrate that due to functionalization with dyes, the absorption of
SiNCs increases significantly, leading to the emission’s enhancement at the near-infrared region via
efficient energy transfer. Overall, the brightness of dye functionalized SiNCs demonstrates significant

enhancement (up to~2.8x) compare with the corresponding alkyl functionalized SiNCs.

Chapter 6 will present the results on perylene-SiNCs as a photosensitizer for singlet oxygen. The
results of singlet oxygen quantum yields using chemical and phosphorescent methods are presented here.
Although alkyl functionalized SiNCs do not possess the intrinsic ability to generate singlet oxygen.
Perylene functionalized SiNCs demonstrate an ability to generate singlet oxygen. Therefore, the
luminescent and photosensitizing properties of dye functionalized SiNCs could be attractive for future bio-

applications.

Finally, Chapter 7 will present the conclusions and outlook of the thesis. Essential results on
SiNCs synthesis are outlined in the conclusion, as well as significant results regarding the structural
characterization and photophysical properties also described for alkyl-SiNCs and dye-SiNCs synthesized
in microwave reactors. This chapter will conclude with possible efforts to develop research on SiNCs and

correct any weaknesses that may exist at this time.






2 Literature Review

2.1  The luminescent origin of SINCs

The luminescence origins of SiNCs have long been debated. The emission from the core of SINCs
is well defined in quantum confinement (QC) theory [51-53]. When the particle size of semiconductor
material is finely divided close to Bohr's theoretical radius (~5 nm for Si), the core of the material could
be assumed as a centre of mass surrounded by the swarm of electrons, and the electrons on the surface
behaving as the trajectory of an electron in the hydrogen atom [54]. The electronic behaviour around nano-
size particles could be approximated by the particle in the box or quantum well theories [55]. Basically,
NCs or QDs has been described as a zero-dimensional quantum well, characterized by discrete energy
levels [56]. Very sharp lines have been observed in silicon as well as in other materials investigated by PL
spectroscopy of single SiNCs [56-58]. This energy level (leads to bandgap) is particle size-dependent, and
the boundary condition is the theoretical Bohr radius. The smaller particle size leads to the wider in the
band gap, while the more extensive particle size leads to the narrowing of the band gap[59]. The band gap
is proportional to the emission energy of photons. Thus, the electronic transition from the wider band gap
results in to the emission of higher energy photons, whereas the electronic transition from the narrow band

gap results in to the emission of lower energy photons.

The band gap insight could be revealed by discussing the energy band of the bulk semiconductor
materials (see Figure 1-1). Although it is a bit vague because SiNCs do not have a genuine energy band
(e.g., valence or conduction), the terminology is still valid to some extent in order to simplify the
problems [54, 60]. Luminescence is expected due to electron-hole pairs' radiative recombination from the
lowest exciton states [61-64]. The lowest energy of electrons and holes is called the ground state, whereas
the higher energy level of an electron and hole is called an excited state. Electrostatically couple of electrons
and holes consisted of excitons [65] and will play the primary role in the QDs and nanocrystals'
photophysical properties. Using the Heisenberg uncertainty principle, the electron is distributing at any
possible state/wave function. In quantum mechanics, the shortest distance an electron has to move around
the nucleus is called Bohr radius (a,). Holes and electrons in particular energy levels are bonded by
Coulomb attraction [66]. In nanocrystals or QDs, the expression of Bohr radius (a,) is formulated using
Equation (2.1).
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Where e, is the permittivity of material in a vacuum, m; is electron reduced mass and m;; is reduced

mass of the hole, and h is Planck constant.



The Brus model uses the bandgap approximation to determine the Coulomb-correlation effect for
semiconductor QDs [67]. The model could predict quantum dot size based on PL-energy emission, as
formulated in Equation 2.2 [68-70].
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Where Ep, is emission energy (eV), the Ej is the energy gap of silicon (1.17 eV), R is quantum
dot/nanocrystal radius, e, is relative permittivity in a vacuum (11.68), m; and mj; is the effective mass of

electron and hole equal to 0.19mg and 0.286my, respectively. Equation 2.2 is a so-called effective mass

approximation (EMA) because it only considers the effective mass ratio of holes and electrons [52, 71, 72].

The peak maximum of PL-spectra in Figure 2-la was re-plotted in Figure 2-1b. PL- spectra
demonstrate strong relationships with particle size. The solid line in Figure 2-1b demonstrates the EMA
calculation and is compared against the experimental data taken from Yu et al. [73]. In this work, the
particle size was obtained using a transmission electron microscope (TEM) and small-angle x-ray scattering
(SAXS). Data in Figure 2-1b shown that EMA calculation is working correctly to predict PL- spectra of
SiNCs, in size diameter above 4.3 nm. However, for a diameter too below 4.3 nm, the plot deviates from
the experimental values (overestimation). Therefore, to have an acceptable combination of theoretical and

experimental data, another approach used the so-called semi empirical approximation [74].
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Figure 2-1. (a) PL-spectra spectra of SiNCs with various average diameters and maximum intensity
normalized. Adapted with permission from Yu et al. [73] Copyright © 2017, American
Chemical Society. PL-spectra of bulk crystalline silicon [75] presented in dash line. (b)
Peak PL-spectra energy plotted versus the average nanocrystal size, and the plot
determined using Equation 2.4. The dotted line provides a reference for the bulk bandgap
of Si (1.12 eV), and (e) is experimental data from [73]. Adapted with permission from Yu
etal. [73] Copyright © 2017, American Chemical Society.

The early semi-empirical approximation quantum confinement theory for SiINCs was developed
by Proot et al. [76]. The calculation was made based on the suitability of experimental PL to the linear
combination of atomic orbital theory (LCAO). The calculation was performed for various numbers of Si

atoms, up to 2058. The result was that PL-emission energy was inversely proportional to particle diameter



and could be formulated as, Ep; 1/d1-39 . Then, Delerue et al. [64] formulated the corresponding
Equation (2.3) by considering the dangling bonds on the surface of SiNCs [77].

3.73

Ep, =Eo+ qi3 (2.3)

Where, Ep, is PL-emission energy (eV), E; is the energy gap of bulk silicon (E;, = 1.17eV), and
d is particle diameter (in nanometre). Next, Ledoux et al. [78] made some corrections by considering the
lattice parameter of SiNCs, rather than using bulk silicon lattice, and the corrected formula is presented as
Equation 2.4 [78].
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However, the resulting calculation using Equation 2.4 still deviated when determining particle
sizes below 3.5 nm. Likewise, many other theories were proposed to explain the relation between PL-
emission energy and particle size, including the tight-binding band theory [79, 80] and ab-initio density
functional theory [74]. So far, there is no single theory that could satisfactorily explain the experimental
data [81]. Figure 2-2 depicted the re-plotted data of some experimental and theoretical relationships

between PL-emission energy and particle size of SiNCs.
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Figure 2-2. Size dependence of photoluminescence SiNC, comparing theoretical and semi empirical
approximations (lines) against experimental values (symbols) [10, 64, 70, 72, 74, 76, 78,
79, 82-85].

2.2 Photoluminescent quantum yields and
photoluminescent lifetimes of SINCs

Sun et al. [86] demonstrated the relationship between size and PLQY. When particle size
decreases gradually from ~13 nm to at least ~1 nm, the PLQY value of particles exhibits unique
behaviour [74]. Quantum yields will gradually increase if the particle size is decreased from ~ 13 nm to ~
3.5 nm; here, quantum yield reaches a maximum and then slowly decreases if particle size continues to
decrease from ~3.0 nm to ~1 nm (Figure 2-3a). The PLQY as a function of particle size resembles the shape

of a volcano or pyramid, so it is known as the volcano or pyramid behaviour of quantum yield [87-90].



Firstly, the smaller the particle size of SiNCs, the better the optical quality is due to the bandgap changing
from an indirect bandgap to a direct bandgap [91]. The lifetime's measurement in Figure 2-3b well supports
this phenomenon. Ultra-small particle size (~1 to ~3 nm) have a nanosecond to a few microsecond lifetimes
(resembling the direct semiconductor QDs), whereas a slightly bigger particle size (~3.5 to ~13 nm) have
hundreds of microseconds and up to a millisecond of lifetime (resembling the indirect semiconductor QDs).
Secondly, when the confinement effect strengthens, the emission is also increased, explaining the volcano's

maximum point. [79, 81, 92].
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Figure 2-3. (a) PLQY of alkyl functionalized SiNCs as a particle size function from some reports
(m)[72], (») [90], (A) [86], (¢) [93], (¢) [94], (¥) [73], and (*)[85]. (b) Radiative lifetimes
in us were measured at PL peak wavelengths of different size of SiNCs, (m)[95], (#)[96],
(A)[97], (W) [79], («O)[98], (™) [73], (*) [85]. The dash line is the eye-guide to accentuate
the optimum reported PLQY.

The relationship between PL-lifetimes and the diameter of SiNCs is demonstrated in Figure 2-3b.
Radiative lifetimes increased monotonically with increasing particle size, and the relationship between
PLQY and PL-lifetimes can be formulated as in Equation (2.5).
kT Tm
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Where k, and k., , are radiative and non-radiative recombination rates, t,,, iS measured
lifetimes, which is the sum of radiative lifetimes - z,., and non-radiative lifetimes - z,,,- [83]. The high PLQY
can occur because the radiative recombination contribution rate is dominating the rate of non-radiative
recombination contributions. Nevertheless, from the data presented in Figure 2-3 and Equations 2.5 and
2.6, it can be seen that for particle size from 1 to 4 nm, radiative lifetimes significantly enhanced from sub-
nanosecond to microseconds and then gradually flattened when particle size increased from 4 up to 9 nm.
The explanation for this phenomenon could be referred to as the behaviour change of the bandgap in [99-

101]. When the particle size was reduced to below 4.0 nm, the bandgap behaves as a direct-like bandgap
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semiconductor. Herein, the emission emerges phononless, whereas radiative lifetimes were in the

nanosecond to microsecond ranges.

2.3 Synthesis of hydrogen-terminated SiNCs

SiNCs could be synthesized in various ways [102-104]. A standard method to synthesize SiNCs
is carried out using two approaches: the bottom-up synthesis, where particles in angstrom size are enriched
in the condensation process to become more extensive in size. In contrast, the second approach is the so-
called top-down approach, where large particles (bulk material) are breaking down into nano-sized
particles. The first approach is ubiquitous for synthetic chemists to synthesize nanoparticles from
elements/compounds [105]. Typically in the bottom-up approach, nanocrystals are built atom-by-atom,
molecule-by-molecule to form cluster-by-cluster of SiNCs [106]. The bottom-up approach promises a
better chance to obtain fewer nano-structural defects, more homogeneous chemical compositions, and better
long-range ordering. This is mostly driven by the reduction of Gibbs free energy into a thermodynamically
equilibrium state [L06]. Among many synthesis steps, the nucleation is crucial for succeeding in the
synthesis process [107]. In the following paragraph, the bottom-up approach is described briefly, based on

the precursors' ambient state.

The precursors for bottom-up reactions could be in gas, liquids, and solids states. The report
from Jurbergs et al. [108] surprised many researchers by claiming an ensemble of alkyl functionalized
SiNCs exhibited ~60% PLQY, synthesized in the non-thermal plasma reactor. However, the report was
somewhat inconsistent with others [109, 110], and the reproducibility of the results has remained in
question[111]. The non-thermal plasma synthesis is one method to synthesize SiNCs using a bottom-up
approach and a silane gas is used as a precursor. To my knowledge, the first work on SiNCs synthesis by
using plasma synthesis was conducted by the group of Roca | Carbaroccas, which demonstrated the
deposition of an amorphous matrix mixture of polymorph silicon consisting of SiNCs with ~2-5 nm in
diameter [112-115]. The formation of SiINCs was unexpected at the beginning and treated as contamination
by the Carbaroccas group. However, the research shifted when SiNCs become the main product [116].
Further outstanding work on developing synthetic methods of using a non-thermal plasma reactor in SiNCs
synthesis could be attributed to the group of Kortshagen [117]. In a non-thermal plasma reactor, silane
(SiH4) gas was used as precursors. The reactor consists of a glass tube with copper rings wrapped around
it, functioning as high voltage electrodes. The precursor (SiH4) and argon gas mixture were fed continuously
into the discharge, and at the bottom, SiNCs were collected continuously [118]. By adjusting the precursor's
flow rate in the reaction zone, the size of the produced SiNCs can be tuned. The functionalization of the
produced SiNCs was performed as post-reaction treatment via thermal or radical functionalization reaction.
The synthetic materials functionalized with dodecene (C12) and a particle size ~5nm, which exhibited

tremendous quantum yield (~60%) [85].
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The advantage of using non-thermal plasma synthesis are that non-thermal plasma is capable of
converting gas precursors, such as silane (and silicon tetrachloride) into high-quality nanocrystals, it has a
high production rate, and tight control over the average particle. Additionally, non-thermal plasma is a
promising tool to produce high-quality silicon QDs that show excellent optoelectronic properties after the
proper surface functionalization. However, this technique's possible drawbacks are the result of reasonably
broadband size distributions observed at the end of synthesis. So the post-processing techniques are

developed to separate the ensemble into narrow size distributions samples [118].

Liquid phase precursors could be used to synthesize SiNCs in the bottom-up approach. The group
of Kauzlarich [119-124] has been actively developing a synthetic method in this area. The synthesis's
reaction route was developed using Zintl salt [123], such as SiK and SiNa [120], as precursors. The
precursors were further reacted with tetrachloro silane (SiCls) to form chloride-terminated SiNCs [124].
Chloride-terminated SiNCs were then treated with alcohol or siloxane to functionalize the surface and
produce dispersible functionalized SiNCs in solvents [122]. In general, the reaction could be performed in
a reflux reactor integrated with the Schlenk line and could also be conducted in the microwave reactor
[119]. The main advantage of this process was that this work proved to yield a relatively narrow size
distribution. Relatively narrow size distribution ~2-3 nm were produced using this method with microwave-
assisted hydrosilylation [119]. However, the synthesis required expert users because very reactive reagents
were used in reactions. Due to low reaction temperature and limited solvents, longer reaction times are
required to perform synthesis. The advances in microwave synthesis could reduce the drawback and be

considered a promising candidate to produce a reasonable amount of SiNCs [118].

Pressurized liquid precursors were developed by the Korgel [73, 125-127] group to synthesize
SiNCs. In the synthesis, the supercritical reactor was designed for the critical point of solvents (e.g., 500°C,
345 bar). The precursor diphenyl silane was decomposed at a supercritical point to produce nanocrystal
silicon [126]. The development of this method could produce tuneable emission SiNCs. The main
advantage of using this technique is the relatively narrow distribution of particle size; however, to run a
reaction at such a high temperature and pressure requires advanced knowledge and skills in chemical
synthesis [125].

Another method to synthesize SiNCs from liquid precursors is the microwave-assisted synthesis
and hydrothermal synthesis from 3-aminopropyl trimethoxysilane (APTMS). The silane conversion into
SiNCs is carried out in water using citrate groups as reducing agents in the microwave (MW) or
hydrothermal reactor. Ddungu et al. [128] conducted a study to compare the yield of MW-assisted and
hydrothermal synthesis on fabricating SiNCs from APTMS precursors. The results showed that
hydrothermal synthesis produced SiNCs with particle size 2.9 £ 1.0 nm, whereas MW synthesis produced
SiNCs with particle size 3.7 + 1.5 nm. The particle sizes were measured by TEM. Both synthetic methods
result in a mixture of amorphous and crystalline, as confirmed by XRD and electron diffraction. PL-spectra
shows emissions in the blue region of electromagnetic radiations (PL-max at 450 nm). A relatively similar

result was reported previously by He et al. group [129], and the group even claimed super high PLQY value
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(~90%) for blue emissions [109], which were scientifically thrilling. However, Shen et al. [130] wrote a
critical review, describing the misleading interpretation of the organic contaminant in the TEM-grid as
SiNCs. Therefore, super high PLQY of blue emissions remains a question until now, because the

photoluminescent origin is very closely similar to the carbon quantum dot emission [46].

SiNCs could be synthesized from silicon embedded in a solid matrix, namely silicon oxide,
silicon nitride, and silicon carbide matrices. Sub-stoichiometric silicon oxide (SiOy, x<2) has been used as
a precursor to synthesize luminescent SiNCs since the early 1990s [118]. Annealed silicon monoxide in an
argon atmosphere and at a high temperature range of 800-1300°C, produces SiNCs embedded in SiO;
matrix. Various annealing temperatures could vary the PL-spectra and particle size [85, 88, 89, 131-136].
The synthesis of SINC embedded in a silicon dioxide matrix will be described in more detail in the next
section. Beside silicon monoxide, silicon nitride could also be used as a precursor to synthesize SiNCs. The
work from Park et al. (2000) and co-workers proved that amorphous SiNCs were growing in silicon nitride
film by using plasma-enhanced chemical vapour deposition. Interestingly, photoluminescent of the result
in SiINCs could be tuned from blue to near-infrared radiation. In the explanation, the author claimed that
the emission properties of the SINCs produced by this method followed the existing quantum confinement
theory, where the emission spectra correspond with the size of the particle [137]. Compared to the oxide
embedded SiNCs, nitrogen embedded SiNCs demonstrate the emission in the full range of visible in
electromagnetic radiation [138]. However, the full detail on emission properties and fabrication needs to be
understood more [118]. There is a slight similarity with the silicon nitride; silicon carbide can also be used
as a precursor to synthesize SiNCs by using plasma chemical vapour deposition. SiINCs were developed by
modifying an inductively coupled plasma system to produce high crystalline silicon film. In principle, the
process was interrupted by introducing methane gas to the gas mixture to obtain some degree of carbon
atom in the thin layer of amorphous film. The final yield is the formation of ~5 nm SiNCs embedded in the
silicon carbide matrix investigated by TEM [118, 139]. Generally, synthesis of SINCs embedded in oxide
and nitride seems to be applicable for large scale synthesis, whereas SiNCs embedded in carbide limits the
formation of side nucleation of silicon carbide. The main drawback of the synthesis using oxide, nitride,
and carbide precursors are that is so hard to control the homogeneity of the particle size (narrow size
distribution) [118].

The second approach is so-called top-down synthesis, where large particles (bulk material) break
down into nano-sized particles. The process of breaking down large particles can be performed chemically
or physically. Chemically, large particles are etched in a controlled environment using corrosive chemicals,
so the corrosive substances dissolve the particles gradually from the surface. The process is conducted
within a period until the desired particle size is obtained. SiNCs could be synthesized by etching the bulk
silicon gradually into nano-size silicon. The mixture of HNO; and HF was used to etch bulk silicon
produced by silane pyrolysis into ~5 nm diameter of SiNCs [140]. The wavelength of PL-spectra was
controlled by controlling the etching concentration and time. The particle size and crystallinity were
monitored using TEM and XRD and demonstrated that wet etching was gradually digging from the edge
of the material without affecting the core of SiNCs[141]. Heinrich et al. [142] performed an
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electrochemical etching to produce a colloidal suspension of SiNCs. Porous silicon or silicon wafer was
electrochemically etched in electrolytic HF batch. The resulting material was claimed to be hydrogen-
terminated SiNCs (H-SiNCs) and SiO; free and ready to be re-dispersed in the solvent. PL-spectra of H-
SiNCs was in visible to a near-infrared range of electromagnetic radiation (500-800 nm). Broad size
distribution in the range of below 10 nm was obtained using TEM. The XRD analysis shows that SINCs
have polycrystalline structures. Compared to the pyrolysis of silane gas, electrochemical etching from
porous silicon has an advantage regarding the purity of the SiNCs, as the pyrolysis method might result in
some other trace elements being contained in the reaction product. However, the main drawback of this

method is that it is very challenging to control the narrow size distributions [142].

The physical method could also be performed by blasting porous or crystalline silicon into ~1 to
~20 nm particle size. In application, the physical and chemical methods were used complementarily to get
the desired result. One example of silicon blasting is laser ablation synthesis. Abderrafi et al. [143] used a
pulsed nanosecond Nd: YAG laser (355 nm, 40 ns pulse duration, 5 kHz repetition rate) to irradiate the
dipped silicon wafer in the chloroform solvent. The excavated SiINCs were dispersed in the solvent and
collected after evaporation in a vacuum. In the TEM image, the particle size of the sample after laser
ablation showed wide distribution from ~20-120 nm and did not show any luminescent properties.
Therefore, the author proposed post-treatment with HF etching. After being etched chemically, the particle
size was down to 3.8 + 2.5 nm, and Raman spectra proved a wideband peak at 521 cm as the signature of
SiNCs. PL-spectra of the hydrogen-terminated SiNCs shows a broad luminescent from 400-900 nm. A
similar report on the laser ablation synthesis method could be found in [144-149]. The advantage of using
laser ablation is that it produces a high amount of SiNCs in a relatively brief period. However, the size
distribution of non-etched samples could be anywhere from 20-150 nm, far above quantum confinement.
The post-treatment needs to be done to target the particle in 2-10 nm. Hence, the combination of laser
ablation and the wet chemical etching method could potentially be an alternative synthesis for large-scale
narrow distribution of SiNCs [145, 150-152].

The other method could be performed by fine-grasping large particles to become particle sizes
in the nanometre range using the ball miller or crusher [153]. Technically this work is very straightforward,
where the large particles are crushed in the crusher or ball miller to produce a few nanometre particles [154].
This physical method's essential parameters are the number of beads that determine the frequency of
collisions among beads and the walls, the dimensions of the cylinder (container); the rotation rates (rotation-
per-minutes) cylinder; and the processing time [133, 134]. English et al. [125], [155, 156] performed ball-
milled synthesis to produce SiNCs. The high quality powder silicon (99.999%, <20 um) precursor was
crushed in the high energy ball mill to produce ~5 nm particle size, confirmed both using TEM and AFM.
The XRD spectra confirmed the crystallinity of the resulting in SINCs. However, iron (Fe) and cobalt (Co)
contaminant originated from the chamber, and the grinding balls were confirmed using energy-dispersive
X-ray spectroscopy (EDX). PL-spectra demonstrated a luminescent maximum at~450nm, PL-lifetimes in
ns-ranges, and independent to quantum confinement. Metal contaminations were proposed as being

responsible for causing the blue emission origin[128]. Ball-milled synthesis could be used to produce a
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high quantity and environmentally friendly SiNCs. However, contamination from the chamber and balls

materials could cause unexpected and challenging issues [157-163].

2.3.1 Disproportionation reactions of silicon monoxides

In this research, the synthesis is tailored by the combination of bottom-up and top-down
approaches. The synthesis started from the annealing of silicon atoms embedded in the silica (SiO;) matrix.
At high-temperatures, the silicon monoxide is performing the so-called disproportionation reaction [118].
The disproportionation reaction is nothing but a reduction-oxidation reaction, which means the reaction
causes the product to have different oxidation numbers from the starting material [149]. The precursor in
this reaction is SiO powder; with the oxidation number of Si in SiO is +2; after synthesis, the product is

nanocrystals Si with an oxidation number of 0.

The proposed reaction is 2Si* = Si® +Si**, where the silicon atom in SiO diffuses in the solid
matrix and recombine at the nucleation point together with another silicon and form bigger particles of
SiNCs [46]. This diffusion process is slow, and temperature accelerates the process. Therefore, the size of
nanocrystals can be controlled by the annealing temperature and time. Figure 2-4 depicted the formation of
embedded SiNCs inside the SiO; matrix.

\
H,/Ar (5%/95%) HF (48%)/C,HsOH(96%) .oo. \
. — > 00
900°C, 60 min 150 min o ®
SiO (Sijatom) in Si0,) SiNCs in SiO, Hydrogen-terminated SiNCs

Figure 2-4. A schematic representation of H-SiNCs synthesis from silicon monoxide precursor.

In general, the temperature and time are directly proportional to the particle size [164]. An
illustration of the relationship of annealing temperature and annealing time to the diameter of SiNCs is
depicted in Figure 2-5a and Figure 2-5b. Mamiya et al. [136] screened annealing temperature for silicon
monoxide from 800°, 900°, 1,000°, 1,100°, 1,200°, 1,300° and 1,400 °C, respectively [136]. X-ray
diffraction analysis and transmission electron microscopy showed that annealing temperatures lower than
900 °C did not show a clear diffraction pattern. Annealing at temperatures of 1,000 °C to 1,400 °C shows
the crystoballite silicon crystalline structure pattern. Annealing at 900 °C and 1,000 °C shows the broadband
at 20 = 15-32°, the peak at 20 = 28° is the lattice diffraction pattern (111) for Si. Annealing at temperatures
of 1,000°C and above shows that this broadband is shrinking, and the intensity of the silicon crystal
diffraction pattern is increasing. Using Scherrer approximation to determine particle size, it is estimated
that the result from 900°C to 1,000°C annealing, is a particle size of ~4 nm. The increase in annealing
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temperature shows a significant increase in particle size. Annealing at temperatures from 1,300-1,400 °C

produces particles with a size of ~16-20 nm [136].
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Figure 2-5. (a) Annealing temperature versus particle size of silicon monoxide, (») [136], (V)[131],
(*)[133], (m) [135], (A)[88] ,(€)[132], (#)[85] , (b) Annealing temperature and time
versus particle size of silicon monoxide (*)[136], (m) [135]. The dashed line in (a) is the eye
guide to help the reader.

Ke et al. [135] conducted a similar study with the temperature increased gradually from 900°;
950°; 1,000°; 1,050°; 1,100°; and 1,150°C [135]. By using XRD and TEM, it could be seen that particle
size was increased from ~ 4 nm to ~ 7.5 nm when annealing time increased from 1 hour to 4 hours at a
constant annealing temperature of 1,050 °C [135]. An illustration of the relationship of annealing
temperature and annealing time to the diameter of SiNCs is depicted in Figure 2-5a and Figure 2-5b. Sun
et al. [88] studied the formation of SiNCs in the annealing temperature range from 850-1,100 °C. The
results found that disproportionation reactions started to occur in the temperature range from 900-950°C.
In these temperature ranges, the resulting materials show emission at ~820-830 nm, which corresponds to
the particle ~3.5-4.0 nm in diameter [88].

2.3.2  Wet chemical etching of SINCs

After the annealing/reduction process, the SiNCs in 3.5-5.0 nm are embedded in the SiO, matrix.
The silica matrix protects the silicon nanoparticles from further oxidation. The protective silica has an
amorphous phase structure, and by using XRD diffraction, the broadband at 26 = 15-32° is attributed to the
amorphous silica. Photoluminescent measurement of annealing products did not show any emissions when
excited with A = 405 nm because there were allegedly many trap sites found on the surface of SiNCs.
Therefore, this SiO, matrix needs to be removed by etching[165]. The SiO; is reactive towards HF and its
sibling's compounds such as NH4F, SFs, CHF3, and CF4 [166-169]. Among these compounds, concentrated

HF (48-49% v/v) is one of the most durable etching agents and works very efficiently on the silica surface.
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In atmospheric conditions, the liquid HF behaves calmly and is easy to handle. However, HF is
one of the most toxic compounds in chemistry, when someone is exposed to HF vapour or liquid, the
fluoride ion will penetrate through the body. Because of many similarities, the fluoride ions will surrogate
the chloride ion in the body and behaves like a fake-chloride ion. The fake-chloride or fluoride will cause
massive damage to the body [170, 171]. This fluoride works to damage the cells, glands, and bonds structure
by diluting essential minerals and calcium in the metabolism process [172-174]. Therefore, HF handling

needs to be done professionally, under strict protocols and supervision.

A high concentration HF (48-49% v/v) works very efficiently to etch silica (SiOz), and to
increase the etching power, sometimes concentrated HCI and HNOs is added to the solution. The acid is
added to increase the affinity of silicon to absorb oxygen during the etching process. The hydrogen ion (H*)
from the acid activates the oxygen atom in the SiO; to become more acidic (Si-O-O"---H™). Activated
SiOOH* reacts more vigorously with fluoride ions rather than SiO, [175]. Sato et al. [175] synthesized
nanocrystalline silicon from a commercial silicon powder precursor. The etching was performed with a
given proportion of HF (46%v/v) and HNO3 (60% v/v) mixture to etch ~50 nm in diameter of Si to become
~5 nm in diameter SiNCs. The result shows that by increasing the concentration of the etching solutions
(HF), blue shift of the SINCs luminescence is observed. Also, increasing the etching times results in
reducing the yields of SiNCs [175]. Miyano et al. [176] conducted a synthesis of styrene functionalized
SiNCs from silicon-rich oxide. In the process, the SINCs emission was controlled by the etching times.
Prolonging etching times tends to blue shift the emission from ~800 nm to ~550nm. The etching solutions
were a mixture of 10ml HF 48%(w/w) and 2ml HNOj3; 65%(v/v), the etching times were conducted from
20to0 112 seconds [176]. Relationships between etching time and PL-spectra maximum is depicted in Figure
2-6. The measurement demonstrates the reciprocal relation between PL-spectra maximum and etching time.

Longer etching time shows all PL-maximum blue shifts towards shorter wavelengths.
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Figure 2-6. Photoluminescent maximum and etching times of SiNCs (H) [175], (®) [177], (A) [142],
and (*) my work [85]. All precursors used were annealed silicon-rich oxide; the etching
solution used in the experiment was the mixture of HF 48/49% (v/v) and HNO3 65% (v/v)
at a given concentration, except for our work was conducted using HF 48% (v/v) and
absolute ethanol (98 %+).
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Tay et al. [178] Performed experiments to study the effect of different HF concentrations on the
etching ability on annealed and non-annealed silicon dioxide. The results found that by increasing the
concentration of HF solutions and annealing the SiOz, the etching rate is higher than annealing the SiO»,
the etching rate is higher than that of low concentration non-annealed samples [178]. The proposed
mechanism of dissolution of SiO; in the HF solution was proposed by Knotter [179]. The kinetics of the
etching reaction was investigated in-situ using a patented home-build reactor. There are two key parameters
in etching SiO,, both hydrogen ion (H+) and the concentration of hydrophile HF, or HzF,. The possible
mechanism is substitution nucleophilic, where the reaction is initiated by protonation of the oxygen atom
at the surface using the following equation Si-O-X +H* = Si-(O)H* - X (X=Si or H). The next step is
nucleophilic attack of HF,™ (or HzF2) on the electrophilic silicon atom: Si-O(H)* - X + HF,- & SiF + HO-
X +HF, where HO-X is a stable leaving group [179].

Figure 2-7 depicted proposed reaction mechanism of silicon dioxide etching, firstly oxygen on
the surface of silicon dioxide acidified by the hydrogen ions of hydrogen fluoride (HF) (1). The nucleophile
approaching one or two protons from the HF solution to form =Si-OH or =SiOH," (2). Next, the =SiO
bonding cleavage and leaving the =Si* species (3). The =Si* species is attracting a fluoride ion to form =Si-
F (4). Due to F's strong electron affinity in =Si-F species, the silicon becomes partially positive and pushing
the electron towards another oxygen (5). The oxygen attracts one hydrogen atom to form silanol (6) and

the silicon fluoride as leaving group (Si-F) (7).
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Figure 2-7. Proposed reaction mechanism of wet HF etching on silicon dioxide surface[179]
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2.4  Synthesis of alkyl functionalized SiINCs

2.4.1 Photostability of hydrogen-terminated SiNCs

The silicon core of H-SiNCs must be protected because it is very reactive towards oxygen
molecules. At atmospheric conditions, silicon reacts with oxygen to form a thin layer of silicon dioxide and
behaves as a protective layer against further oxidation [180]. This passivation is not always beneficial for
silicon because the protective layer (SiO;) behaves as an electron trap or the energy absorber. The silicon
dioxide layer has a large energy gap, and the electron needs tremendous energy to surmount it. Therefore,
a reaction with oxygen creates a bad influence on the luminescence and must be avoided. Figure 2-8a
depicted the oxidation level of hydrogen-terminated SiNCs after etching [181, 182]. The Si-O stretching
peaks represented in the vibrational bands in 950-1250 cm™ and 2250 cm* were gradually enhanced when
H-SiNCs were stored in the atmosphere. Simultaneously SiH vibration at 2100 cm* decreases [181, 183].
It is assumed that Si-OH, Si-O-Si, and Si=0 substituted hydrogen in Si-H; (on the surface of SiNCs). Figure
2-8b depicted the emission quenching due to oxidation. Freshly hydrogen-terminated SiNCs show high PL-
spectra and gradually decreased by oxidation. In the insert, normalized PL-spectra also shows blue shift
due to oxidation [184].

In Figure 2-8c, PLQY of six samples in ensemble of allylphenylsulfide-SiNCs demonstrated
guenching after storage in an ambient atmosphere. PLQY measurements for ensembles were performed at
PL-spectra maximum. After aging, every ensemble demonstrated trends: blue shift and quenching [184].
The blue shift and PL-spectra quenching were explained in a cartoon representation in Figure 2-8d.
Hydrogen terminated SiNCs reacted with oxygen and water in the atmosphere to form Si-O, bonding on
the surface. Long term oxidation strained the SiNCs core due to the formation of a SiO» shell. Reduced
SiNCs due to straining could explain the blue shift, whereas the SiO, shell formation explains PL-spectra
reduction [155].
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Figure 2-8. (a) FT-IR spectra of long exposure of hydrogen functionalized SiNCs in the air. Adapted
with permission from Falcdo et al. [181], © 2019 American Physical Society (b) PL-
emission of long-time exposure H-SiNCs in the air, in the insert: normalized PL-spectra
vs. wavelength. Adapted with permission from Rinck et al. [184], © 2014 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim (c) PLQY vs. PL-spectra maximum of fresh and
aged sample of allyl phenyl sulphide-SiNCs. Adapted with permission from Rinck et al.
[184], © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, and (d) cartoon
representation of SiOz shell formation after the oxidation process, Adapted with
permission from Falc&o et al. [181], © 2019 American Physical Society.

2.4.2 Tuning SiNCs’ emission by varying ligand

In general, there are two domains of photoluminescent emerging from SiNCs, namely near-
infrared PL-emission (600-1,100 nm) or so-called the slow (S)-band and blue PL-emission (350-500nm) or
so-called the fast (F)-band. The S-band of PL-emission has PL-lifetimes in the microsecond range, whereas
the F-band of PL-emission has PL-lifetimes in the nanosecond range. The S-band of SiNCs comes from the
material properties under confinement, as widely explained in the quantum confinement section. The
emission behaviour is similar to the other semiconductor QDs such as CdSe, CdTe, CdS, PbS, and PbSe.

On the other hand, the F-band of PL-emission is coming from the surface defect of SiNCs. The best
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demonstration of the F-band origin can be traced back to the experiments by Gupta et al. [185]. Freshly
etched SiNCs (H-SiNCs) demonstrated the S-band of PL-emission and gradually, due to oxidation, the F-
band was popping up, and after 24 hours stored in the ambient atmosphere, the PL-spectra of H-SiNCs

shifted from near-infrared to blue region of electromagnetic radiation [185].

There are many possibilities for the luminescent origin of the blue emission. The electronic
transition of direct bandgap silicon from the ultra-small SiNCs (1.0-1.4 nm) could lead to blue emission.
Finely divided particles make it possible for excitons to achieve phononless transition similar to the other
direct semiconductor QDs. For ultra-small particles, quantum confinement theory explains that the origin
of blue emission is nothing, but the continuity of bandgap tuning due to size [186-189]. However, quantum
confinement was not only the primary source of blue emission. Ulusoy Ghobadi et al. [190] demonstrated
that blue emission was strongly related to oxide surface defects of SiNCs. When the surface of SiINCs was
partially oxidized, the emission was blue shifted, compared with the relevant non-oxidized one [176, 190].
Indeed, fully oxidized H-SiNCs could lead to blue emission [191]. Furthermore, Dasog et al. [121]
demonstrated that blue emission was also related to the nitrogen functionalized SiNCs. Trace element of
oxygen and nitrogen contamination induced surface defects that leads to blue emission [121, 192]. The
intense blue emission was also claimed to stem from surface engineered SiNCs. Next, Nilssen et al. [156]
proposed how to tune PL-emission by anchoring different ligands (e.g., alkyl, amine, phosphine, and acetal)
on SiNCs with a particle size of 3-4 nm. The emission could be tuned from blue, green, yellow, orange, and
red under ultraviolet excitation. However, there was no clear separation between PL-emission stemming
from the surface defect and PL-emission stemming from surface modification. In particular, by introducing
halide and phosphine, many trap states were introduced to the surface of SiNCs, and PL-emission might
stem from defects and passivation. Therefore, the origin of blue and green emission with high PLQY in this

method is questionable [193].

Later, Carroll et al. [194] conducted a systematic study on the effect of surface
chemistry/functionalization on to PL-emission. The experiment was performed on two distinct sizes of
SiNCs; 3.5 nm and 6.5 nm. The synthetic condition of two different sizes was controlled similarly, except
for functionalized ligands. Both SiNCs were functionalized with three different ligands, namely alkyls,
amides, and alkoxides. Time-resolved PL and transient absorption measurements were performed to study
the dynamic of the excitons. The results demonstrated that PL-emission of amide and alkoxides
functionalized SiNCs were blue shifted compared with alkyl functionalized SiNCs for the same particle
size [194, 195]. The emission shift was more pronounced when the particle size was smaller. So, surface
chemistry plays an essential role in PL-emission.

In 2010, the highly luminescent quantum yield of blue emission SiNCs was reported for
carbazole functionalized SiNCs [196]. Next, the same group was claiming that SINCs with 90% of PLQY
were synthesized using one-pot synthesis at low temperatures. In the explanation, the main difference
between a very high PLQY with traditional SiINCs was surface functionalization [197]. However, this claim

was doubtful because the resulting blue emissions were very similar to carbon quantum dot and organic
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dye emissions. Therefore, Canham [46], in a published lecture on SiNCs, disagreed that the luminescent
origin of exotic blue emissions (with extremely high PLQY’) were coming from SiNCs synthesized at a
lower temperature [46]. Nevertheless, the blue emission in SiNCs could be stemmed from direct bandgap
emission of silicon, and it could explain the emission from tiny SiNCs (~1 nm). Besides, blue emission
could also stem from oxygen or nitrogen related surface defects, contaminations, and oxidations. Similarly,

it could stem primarily from surface-functionalization [46].

In my research, the discussion is focused on the S-band of PL-emission. The S-band of PL-
emission is located at the red to near-infrared electromagnetic radiation (~600-1200 nm). The emission
behaviour obeys quantum confinement theory and surface chemistry. A previous report on alkyl
functionalized SiNCs produced suspensions of SINCs with maximum PLQY of 20-35%, with emission in
the near-infrared region [71, 180]. Figure 2-9 depicted PLQY values as a function of ligand tuning for
SiNCs, with a diameter of 2.5-6.0 nm. The PLQY values were determined at PL-emissions of red to near-
infrared, and functionalizations were specified for Si-C bonding. The random value is due to the quantum

confinement (particle size), and the surface chemistry effects are not separated well.
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There are some reports on improving photophysical properties due to ligand tuning. For instance,
the PLQY value of dodecyl functionalized SiNCs in toluene was reported at 50-60% [111, 201]. This
PLQY value was higher compared with the reported PLQY value by Mastronardi et al. [83] on decyl
functionalized SiNCs (~45%) [90]. Meanwhile, by using another synthetic method, namely PCls precursor,
Islam et al. [102] claimed to get PLQY ~ 62% and long shelf-life (60 days) with dodecyl-SiNCs [102].
Sangghaleh et al. [208] also claimed the high PLQY value (~60%) for butyl and undecanoic functionalized
SiNCs synthesized with radical functionalized hydrosilylation [208]. So far, there is no systematic study on
the effect of the length of carbon in ligands on the photophysical properties of SiNCs yet. Apart from
improving photoluminescent properties, ligand passivation has another function to maintain environmental
and photo stabilities. The second term is strongly related to oxygen, water (hydrolytic), thermal, and

photochemical reactions.

Sieval et al. [210] demonstrated that monolayer alkyl functionalized SiNCs have adequate
protection against oxidation for four months [210]. The x-ray photoelectron spectroscopy (XPS)
measurement was performed to investigate the formation of SiO; on the surface of alkyl-SiNCs. The results
show that under ambient atmospheric storage conditions, proper alkyl functionalized SiNCs demonstrated
almost no-signature of SiO, formation [210]. Bhairamadgi et al. [211]conducted a systematic study on
hydrolytic (pH resistant) and thermal stability for the monolayer functionalization of alkyl chain length
ligands with 6 different set of functional groups, namely -alkene, -alkyne, -chloro-silane, -thiol, -amine,
and -phosphine (=C-R, =C-R, -SiCls, -SO3, -NH3, and PO;) on to the surface of Si(111) and
Si (100) [211]. Hydrolytic stability was monitored using a static contact angle and XPS measurement.
Silicon functionalized with alkene and alkyne demonstrated good stability against acid (pH=3.0) and base
(pH=11) for at least 30 days. In addition, thermal stability was conducted with XPS at elevated temperature
from room temperature (25°C), up to 600°C. The result shows that covalent bonding of alkene and alkyne
functionalized Si demonstrated good stability from room temperature until Si-C bonding was degraded at
260°C [211].

Finally, Wu et al. [203] studied the photostability of SiNCs after functionalization with alkyl
(dodecyl). The result demonstrated that PLQY of SiNCs was degraded by ~20% (from original ~60%) after
4 h illumination using 365 nm of UV-light (power density similar to AM 1.5G sun) [203]. PLQY
degradation is caused by dangling bonds in formation after the Si—H bond was cleavaged due to
illumination. The formation of dangling bonds created the trap state and led to reduced emissions. Re-
functionalization of photo-degraded PLQY SiNCs using thermal functionalization can fully recover PLQY
value [203].

Nevertheless, alkyl functionalized SiNCs produced tunable PL-emission at red to the near-
infrared region and obeyed the quantum confinement theory. The highest reported PLQY for alkyl
functionalized SiNCs was butyl —~SiNCs ensemble at ~65% [208], dodecyl-SiNCs ensemble at ~62% [180],
and decyl SiNCs ensemble at ~45% [83]. Adequate functionalized SiNCs with aliphatic alkyl (alkene and
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alkyne) demonstrated good stability against oxidation, acid, or base (hydrolysis), thermal, and

photodegradation (photolysis).

2.4.3 Hydrosilylation reaction

Surface engineered/modification nanocrystals/QDs is a critical feature in the development of
chemically based nanotechnology. Surface modifications have become available via the covalent
attachment of functionalized monolayers on silicon surfaces [210]. The hydrosilylation reaction could be
tailored to create the functionalized monolayer. Hydrosilylation reaction is an additional reaction of the
unsaturated chemical group to the hydrosilane. Its reaction could be performed through thermal inducement
or using photochemical. Thermally induced hydrosilylation is performed at elevated temperature under a
controlled atmosphere, whereas photochemical at low temperatures use high energy photon[212]. The
energy consumption and time of thermally induced hydrosilylation are relatively higher compared with
photochemical hydrosilylations. Additionally, it requires advanced chemistry and knowledgeable scientists
to experiment with relatively high temperatures and pressure. Therefore, another approach was developed
to overcome the limitations. Catalytic hydrosilylation using the metal-complex catalyst and radical-initiated
hydrosilylation using radical initiators were developed to reduce energy consumption [213]. Although the
microwave-assisted hydrosilylation (MWH) reaction is performed even at a higher temperature, the
process's speed could save energy and time. Also, the design of a bench-top reactor could be another benefit
for less experienced chemists [85, 127, 214-216]. Figure 2-10 depicted the hydrosilylation reaction of
SiNCs and alkene.
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Figure 2-10. Proposed mechanism of functionalization reaction of SiNCs under thermal and radical
hydrosilylations. Successful hydrosilylation marked by substitution of hydrogen
terminated SiNCs demonstrated with alkyl terminated SiNCs. Adapted from ref [217]

The first work on thermally induced hydrosilylation was performed with pyrolysis of diacyl
peroxide in the presence of hydride-terminated Si film. Introducing alkene in the presence of radical diacyl
peroxide results in the formation of monolayer alkyl terminated silicon [217]. The proposed mechanism
was initiated by the formation of alkyl radicals from the homolytic cleavage of diacyl peroxide. The alkyl
radical then abstracts H'* from a surface Si—H group, to produce a silicon radical. Silyl radicals react very
rapidly with the olefins and perform a chain reaction on the propagation step. The termination step was

performed when carbon-based radicals then abstract a hydrogen atom, either from a neighbouring Si—-H
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group or from an unreacted olefin's allylic position [218]. The proposed mechanism of hydrosilylation

reaction of alkyl functionalized SiNCs by pyrolysis of diacyl peroxide is illustrated in Figure 2-11.
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Figure 2-11. Proposed mechanism of thermal functionalization reaction of alkyl functionalized
SiNCs. Adapted from ref [218]
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The hydrosilylation reaction could also be tailored endothermically via thermal decomposition
in the absence of a diacyl peroxide initiator at a temperature above 150°C. At this temperature condition,
the homolytic cleavage of Si—H takes place independently according to reaction mechanism Si—H - Si°
+ H[218]. The yields of silicon radicals reacting with alkene correspond with the mechanism presented in
Figure 2-12, to yield monolayer surface functionalization [218]. Based on the thermodynamical
calculation, the bond-formation of Si—H is thermodynamically stable with bond energy 80-90kcal/mol;
therefore, this reaction will take place very slowly at a temperature of 150°C [219]. However, in the
experiment, the functionalization reaction at that temperature runs much quicker. So, there must be another
mechanism that promotes the reaction. Coletti et al. [219] proposed a new reaction mechanism that
explains the reactions that can happen at a high rate [219]. The idea is the remaining fluoride molecules
from the etching step act as promotor - in reaction, the F~ working on acidifying the silicon by creating
intermediate compounds called Si --- F. These intermediate compounds are helping Si to capture alkene or
alkyne molecules. The reaction mechanism resembles nucleophilic substitution, and thermodynamically
this reaction can occur at a significant rate at temperatures below 200°C [219]. The description of the

hydrosilylation reaction is presented in the schematic in Figure 2-12.
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Figure 2-12. Schematic of (a). 1-alkene and 1-alkyne hydrosilylation reaction of hydrogen terminated
SiNCs, (b). Radical based hydrosilylation reaction, and (c). A fluoride assisted
hydrosilylation reaction mechanism [219].

The second reaction is called photochemical hydrosilylation. In a particular case, high thermal
exposure should be avoided in the reaction. Photochemical hydrosilylation is developed to minimize the
input of thermal energy. High energy UV light was used to create a homolytic cleavage of Si—H bonding
to form a silyl radical and hydrogen radical. Silyl radicals can react with alkene or alkyne to form alkyl
functionalized silicon [218]. The brief mechanism of photochemical hydrosilylation is presented

schematically in Figure 2-13.

Si

Figure 2-13. Proposed mechanism of photochemical hydrosilylation of alkyl functionalized SiNCs.
Adapted from ref [218]

Apart from thermal efficiency, photochemical hydrosilylation could also benefit in terms of the
monolayer surface functionalization [220-222]. The drawback of the photochemical method is high energy
photons (UV) create many dangling bonds on the surface of SiNCs. The dangling bonds create many trap

states on the surface and reduce the photoluminescence of materials.

Catalytic hydrosilylation could be performed using metal-complex catalysts such as platinum
(Pt) [223], rhodium (Rh) [218], palladium (Pd)[218], copper (Cu)[224], boron (B) [225],
phosphor(P) [102], and aluminium (Al) [225-228]. The main advantage of using metal-complex catalysts
significantly reduces the temperature reactions. However, the deposit metal-complex on the surface of
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silicon is the main problematic issue so far. The catalyst deposit tends to reduce luminescent properties,

and the metal spot is highly pronounced to absorb oxygen [218].

There is another method to functionalize SiNCs called radical initiated hydrosilylation. The
reaction could be performed at relatively low temperatures by with assistance of materials called radical
initiators. Moran et al. [229] conducted a functionalization reaction of hydride-terminated silicon using
2,2'-azobis(2-methylpropionitrile) (AIBN) as a radical precursor [229]. The reactions were completed after
24 h at 60°C and 30 minutes at 90°C. The graft polymer layer formed on the surface of the silicon was
investigated using XPS and contact angle measurements. The polymer layer was intended to guarantee
surface passivation and coverage[229]. Yang et al. [230] conducted a systematic study on the
functionalization reaction of hydride-terminated SiNCs using radical AIBN initiators and benzoyl peroxide
(BP) [230]. The significant results were that the hydrosilylation reaction could be performed at a slightly
lower temperature of 60°C for AIBN and 85°C for BP. A radical initiator for differing functional groups
(i.e., alkene, alkyne, carboxylic acid, and ester), and the result of functionalization, was the formation of
monolayer surface passivation [180, 194, 230]. Yu et al. [127] used undecanoic acid as a radical initiator
to produce alkyl functionalized SiNCs [127]. The main advantage of using undecanoic acid is that the
reaction could be tailored at room temperature with promising results [127]. The luminescent properties of
undecanoic acid-promoted hydrosilylation of styrene functionalized SiNCs were comparable to classical
decyl functionalized SiNCs [127]. Figure 2-14 depicted the proposed mechanism of a radical initiated

hydrosilylation reaction.

.. o
q Initiator ¥ ~——m—m—
In

PN '
R

-InH

2In’

Figure 2-14. Proposed mechanism of radical initiated hydrosilylation of alkyl functionalized SiNCs.
Adapted from ref [230]

In my research, the reaction is conducted using microwave-assisted hydrosilylation (MWH). In
principle, the reaction could be categorized as thermally induced hydrosilylation. The reactant is radiated
using microwave radiation to stimulate vibration at the molecular level. The heat is created by dipolar
polarization and ionic conduction, where the first term is attributed to molecules having dipoles gradient
(permanent or induced dipoles), and the second term is mainly attributed to charged particles (ions) [231].
When microwave frequency is applied, the samples' dipoles align themselves in the applied field
direction—the oscillation frequency of microwave radiation forces the molecule to oscillate to compensate
for the applied frequency. Molecular re-alignment across the applied field creates friction and dielectric
loss and leads to elevated temperature (dielectric heating). The amount of heat created by this method is

dependent on the ability of the molecule to re-align itself against the frequency of the applied field. If
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molecules enable themselves to align quicker than the applied field, no heating is occurs [231]. Similarly,
ionic particles oscillate to a microwave frequency. Oscillation causes a collision with neighbour particles

and agitates a chaotic system to produce heat [232].

Boukherroub et al. [233] described the functionalization reaction of hydrogen-terminated porous
silicon with 1-alkene under microwave irradiation to give monolayer alkyl functionalized porous
silicon [233]. The hydrosilylation process's reaction rate was increased significantly, and the result was
monolayer alkyl functionalized porous silicon. Furthermore, by using MWH, there are opportunities to
perform functionalization using a wide range of functional group materials. The functionalized product was
robust, highly stable, and has higher surface coverage [233]. The proposed mechanism of MWH is depicted
in Figure 2-15.
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Figure 2-15. Proposed mechanism of microwave hydrosilylation reaction of alkyl functionalized
SiNCs. Adapted from [233]

There is a dispute regarding the role of microwave radiation on hydrosilylation. Some people
believe that the increase of reaction rate is due to a microwave energy stimulate reaction process, whereas
the others believe that microwave radiation does not have any role in the reaction process. The second
opinion argues that the reaction rate increase is just because it proceeds at a higher temperature. To study
the effect of microwave radiation on a hydrosilylation reaction, Sun et al. [234] conducted a kinetic study
comparing the rate and extent of reaction [234]. Both reactions were tailored in the same reaction condition,
except for hydrosilylation methods. One sample was functionalized using conventional thermal
hydrosilylation, and the other one was functionalized using MWH. However, the temperature and time
were adjusted similarly at 170°C for 60 minutes. The extent of the reaction was monitored by FT-infrared
spectroscopy to see the number of Si-C formation as a function of time. The rate constant for both
hydrosilylation methods was deduced from the quantitative measurement of Si—H replacement during the
functionalization of decyl-SiNCs as a function of time, relative to the original Si—H hydrogen-terminated
SiNCs. In the result, both functionalization methods presented relatively similar rate constants: k = (15 +
1) x 10" minutes* for conventional thermal functionalization, and k = (12.3 + 0.6) x 10 minutes™ for
MWH. Hence, there is no influence of microwave radiation on a hydrosilylation reaction [234]. The
advantage of microwave hydrosilylation is the homogeneity of the internal heat, as the heating is caused by
molecular resonance towards microwave frequency intramolecularly, the heat efficiency is maximum, and
heat loss is minimum. Which also results in surface coverage of alkyl functionalization being higher
because every bond is affected by vibrations and tends to be involved in the reaction [235]. Because some

reactions must be conducted for hours with conventional thermal hydrosilylation, this could be compressed
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into minutes in MWH at higher temperature, the reaction in MWH is therefore time-efficient [231, 232].
Reactions in the MW reactor could proceed above the reactants' boiling point under so called solvatothermal
condition, so the reactants' volatility is not an issue. Likewise, the reaction is easy to handle because it is
performed in the safety proof bench-top reactor. Last but not least, monolayer alkyl functionalized SiNCs
are possible to achieve by strictly controlling the reaction conditions. However, the main drawback of using
a microwave reactor so much depends on a relatively expensive instrument. Also, since the reaction is
tailored at a slightly higher temperature ~200-270°C, the grafted polymer layer is most likely to form
outside the surface of SiNCs. Multilayer (corona) guarantees the ligand to surface ratio, but it also enhances

the hydrodynamic ratio of individual SiNCs.

Nevertheless, the hydrosilylation reaction is tailored to perform surface modification. The
reaction could be performed using thermally induced hydrosilylation and photochemical hydrosilylation.
Thermally induced hydrosilylation could be performed above 150°C. Some methods to lower thermal-
induced hydrosilylation include using metal-complex catalysts or introducing material called the initiators.
In the wet chemical method, the leftover fluorine ion acts as a catalyst to promote reactions at relatively
low temperatures. Metal ion complex could also be used as a catalyst and initiator, but the deposit of metal
ion on the surface of SiNCs could create another problem. Radical initiators such as AIBN, AIBCN, BP,
and undecanoic acid could be used as promising candidates for room temperature thermal-initiated

hydrosilylation.

2.5  Synthesis of dye functionalized SiNCs

2.5.1 Chromophore-assisted photoluminescent SiINCs

One of the simple chromophores functionalized SiNCs is styrene terminated SiNCs, which was
synthesized by Marinins et al. [180] . The synthesis started from the annealing of silicon-rich oxide (Fox-
16 from Dow Corning) under an inert atmosphere and was followed by wet chemical etching using
hydrogen fluoride to form hydrogen-terminated SiNCs. Functionalization with styrene was performed by
radical-initiated hydrosilylation at room temperature using undecanoic acids as a catalyst. The result was a
monolayer surface styrene passivation with photophysical properties similar to the common alkyl
passivation of SiNCs. PL-spectra demonstrated typical broadband emission with a maximum at 615 nm
under 295 nm A-excitation. A measurement of PLQY gives a result of 12% for PL-emissions in the 500-
900 nm range. Compared with typical alkyl functionalized SiNCs — for example decyl-SiNCs — the
absorption and the emission spectra have similar shapes, but the PL-maximum of styrene-SiNCs underwent
a slight blue shift of ~20 nm. Indeed, the slight blue shift was because room temperature hydrosilylation
was more efficient in forming a monolayer, whereas thermal-induced hydrosilylation tends to embed SiNCs
in the polystyrene layer, resulting in the enlargement of particle size. PL-lifetimes measurement of styrene-

SiNCs was an agreement with PL-lifetimes of typical decyl or dodecyl-SiNCs. Hence, covalent attachment
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of styrene molecules to the surface of SiNCs did not change the photophysical properties of SiNCs
compared with the corresponding alkyl functionalized SiNCs [127].

However, conjugated organic dye and SiNCs might be used to enhance light absorption and PL-
emission [195, 236, 237]. The dye molecule's strong light absorption was expected to donate the excitons
to the SINCs core acceptor via energy transfer [110, 238-241]. The result was that light absorption of SiNCs
was enhanced because of additional absorption from dye ligand, and also PL-emission of SiNCs was
increased due to exciton transfer from dye-to-SiNCs. Locritani et al. [242] functionalized SiNCs with a
pyrene group to enhance the light-harvesting devices' absorption [242]. The synthesis was conducted using
thermal decomposition of the hydrogen silsesquioxane (HSQ) under an inert atmosphere and following by
wet chemical etching using hydrofluoric acid to produce H-SiNCs. Functionalization was conducted
thermally at 170°C using a given mixture of 1-(allylmethoxy) pyrene (py) and 1-dodecene (C12) to two
class particle sizes of H-SiNCs (2.6 and 5.0 nm). The resulting materials were 2.6 nm (C12)-py-SiNCs with
PL-spectra of 600-900 nm and 5.0 nm (C12)-py-SiNCs PL-spectra of 700-1200 nm. The absorption spectra
demonstrated significant enhancement at 300-400 nm due to 3-fold absorption of light from pyrene groups.
PL-emission shows both carbon emissions at PL-maximum 400 nm and SiNCs at PL-maximum 680 nm
for 2.6 nm particle size and 970 nm for 5.0 nm. Meanwhile, (C12)-SiNCs exhibited PL-maximum at
635 nm for 2.6 nm and 970 nm for 5.0 nm. So, the pyrene molecule's attachment was redshifted PL-
maximum of (C12)-SiNCs by ~45 nm for 2.6 nm particle size, but none for 5.0 nm particle size. PLQY of
2.6 nm of (C12)-SiNCs at PL-maximum of 635 nm was 11%, whereas (C12)-py-SiNCs PL-maximum of
680 nm was 8%. While PLQY of 5.0 nm of (C12)-SiNCs at PL-maximum of 970 nm was 45%, and (C12)-
py-SiNCs PL-maximum 970 nm was 40%. Comparing the PLQY values of attached and non-attached
pyrene on (C12)-SiNCs, authors claimed ~95% energy transfer from pyrene moieties to 2.6 nm particle
size of SiNCs that led to significant brightness enhancement by 300% in the visible range and an additional
78% in the near-infrared [242].

Hence, the experiment demonstrated that pyrene (a chromophore) could enhance the light
absorption and PL-emission of SiNCs. The light absorption enhancement was performed by additional
strong absorption from the pyrene molecule at 300-400 nm, whereas PL-emission enhancement was
performed by energy transfer from the pyrene molecule to the core of SiNCs. Overall, the brightness of
conjugate materials was enhanced by a factor of 300% due to the contributions of pyrene and (C12)-SiNCs.
However, selecting pyrene as a chromophore to increase light absorption in the ultraviolet range was not a
perfect choice because the light absorption of SiNCs at 300-400 nm could be enhanced by increased
concentration of SiNCs. Also, the strong emission of pyrene molecule at 350-500 nm might destroy the
original goal of focusing only on near-infrared emission. For example, in the luminescence-solar
concentrator (LSC), the unwanted PL-emission from the pyrene molecule might produce unwanted colours
and reduce transparency in the solar window. Hence, the pyrene molecule caused a limitation in the
applications of chromophore functionalized SiNCs.
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A slightly similar experiment was conducted by Fermi et al. [243] in an attempt to enhance the
absorption of SiNCs at a visible range of electromagnetic radiation [243]. The chromophore of
tetraphenylporphyrin Zn (I1) (TPP-Zn) was used because it has a strong absorption at 426 nm and 560 nm.
The SiNCs were synthesized using thermal decomposition of the hydrogen silsesquioxane (HSQ) and
followed by wet chemical etching using hydrofluoric acid to yield two classes of H-SiNCs materials having
particle sizes of 3nm and 5nm. The functionalization reactions were performed under thermal
hydrosilylation by adding the given mixture of dodecene (C12) and tetraphenylporphyrin Zn (1) (TPP-Zn)
to the dispersion of H-SiNCs at a temperature of 170°C. The resulting materials of 3 nm size (C12)-(TPP-
Zn)-SiNCs exhibited two sorts of PL-emission maximum; at 605 nm attributed to TPP-Zn emissions, and
670 nm attributed to (C12)-SiNCs and some energy transfer from TPP-Zn. Whereas, the resulting materials
of 5nm size (C12)-(TPP-Zn)-SiNCs also exhibited two sorts of PL-emission maximum at 608 nm
attributed to TPP-Zn emissions, and PL-emission maximum at 905 nm attributed to (C12)-SiNCs and some
energy transfer from TPP-Zn. PLQY of 3 nm size (C12)-(TPP-Zn)-SiNCs exhibited 7%, a reduction of 6%
from the original 13% from (C12)-SiNCs. Whereas PLQY of 5 nm size (C12)-(TPP-Zn)-SiNCs exhibited
8%, which was significantly reduced from the original 42% of (C12)-SiNCs. Nanosecond lifetimes of dye
molecule were quenched from 2.3 ns to 1.2 ns. Likewise, microsecond lifetimes of chromophore TPP-Zn
attached to SiNCs were quenched from 110 ps to 70 ps for 3 nm particle size and from 140 us to 100 us
for 5 nm particle size. Quenching PLQY and PL-lifetimes demonstrated energy transfer from TPP-Zn to
SiNCs. The calculation of efficient energy transfer leads to a 50% light synthesized process from TPP-Zn
to SiNCs [243].

Hence, Fermi et al. [243] experimented with overcoming the drawback of previous
research [243]. However, TPP-Zn might work poorly as a transmitter, as demonstrated in the experiment,
efficient energy transfer of 50% could be improved by covalently anchoring other chromophores such as

perylene, phenanthrene, and other organic chromophores.

Abdelhameed et al. [238] conducted a systematic study on conjugate dyes (9-vinylphenanthrene
(ph), 1-vinylpyrene (py), and 3-vinylperylene (pl)) functionalized ultra-small (1.7-2.1 nm) SiNCs on the
PL-quantum yields [230]. Tilley's synthesis was conducted using precursor silicon tetrachloride (SiCls) and
tetraoctylammonium bromide (TOAB). Hydride-functionalized SiNCs were synthesized by precursors'
reaction with an excess lithium aluminium hydride (LiAIH4). The functionalization reactions of dyes were
conducted using catalytic hydrosilylation using platinum (Pt) as a catalyst. The resulting materials were
ultra-small (1.7-2.1 nm) dyes (ph, py, and pl) with functionalized SiNCs, as confirmed by TEM. The results
demonstrated that PL-emission of SiNCs functionalized by ph, py, and pl, dyes were redshifted compared
with the corresponding non-conjugated dyes. Dye functionalized ph-SiNCs, py-SiNCs, and pl-SiNCs
exhibited PLQY values werel8, 11, and 8%, respectively. These PLQY values were higher than the
corresponding alkyl functionalized SiNCs for the same particle size (i.e., PLQY = 8% for heptyl (C7)-
SiNCs). PL-lifetime measurements show that there were energy transfers from the dye to SiNCs. However,

the magnitude of efficiency energy transfer did not present in this research [244].
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Nevertheless, it is possible to enhance light absorption and PL-emission of SiNCs with the aid
of energy transfer from chromophores (dyes) to SiNCs. The synthetic method could be started from H-
SiNCs synthesis and was followed by the functionalization of chromophores via hydrosilylations. H-SiNCs
synthesis could be performed by the thermal annealing of silicon-rich oxide and followed by wet chemical
etching, or Tilley’s method, using precursors SiCl, and TOAB reaction with reducing agent LiAIH4.
Subsequently, hydrosilylation could be performed using thermal hydrosilylation at 170°C, radical-initiated
hydrosilylation, and catalytic hydrosilylation. The resulting materials demonstrated the redshift of PL-
spectra after functionalization with chromophores, except for an experiment conducted for styrene-SiNCs.
PLQY after chromophore attachments demonstrated reductions, except for experiments conducted by
Abdelhameed et al. [238] which shows enhancement and an experiment by Yu et al. [127], where PLQY
value remain constant. The kinetic energy transfers were studied by PLQY and PL-lifetimes measurements.
Energy transfers from chromophore molecules to the core of SiNCs, which led to PL-emission enhancement

at the near-infrared region of electromagnetic radiation.

2.5.2 The mechanism of energy transfer in dye functionalized SiNCs

As demonstrated by Mongin et al. [245], the possibility of exciton transfer might open up new
opportunities in physical and chemical science[245]. The authors demonstrated Dexter-like energy transfer
from CdSe nanocrystals to the surface anchored organic dyes using transient absorption spectroscopy.
Further investigation shows that triplet-triplet energy transfer in the aerated solution also occurred from
surface acceptor to freely organic dyes (solutes). The experimental evidence demonstrated that a surface
anchored or covalent anchored nanocrystal could be used as an effective substitute for the available organic
sensitizers. The sensitization process might lead to the triplet-triplet annihilation upconversion (TTA-UC)
process and singlet oxygen generation[245]. In the next report, Mongin et al. [246] demonstrated
substantial decreases in PL-emission of air saturated covalent anchored 1-pyrenecarboxylic acid (PCA)
CdSe nanocrystals due to the formation of singlet oxygen. Strong PL-spectra appearance at 1,270 nm
confirmed the claim of triplet energy transfer from SPCA* to the ground state oxygen (°0,) and generated
singlet oxygen (*0,) [246]. Whereas the existence of triplet energy transfers was investigated using
temperature-dependent PL-measurement, time-resolved PL-spectroscopy, and transient absorption
spectroscopy. Herein, the formation of SPCA excited state was confirmed using transient absorption
spectroscopy experiments. Energy transfer from PCA to CdSe nanocrystals was observed through time-
resolved temperature-dependent experiments (at -80 to +20°C) [246]. However, the materials' main
drawback was the potential toxicity of CdSe nanocrystals, and the singlet oxygen quantum yields (*O,) of
this material remained low. Therefore, for biological applications such as in photoimaging and
phototherapy, CdSe nanocrystals were not suitable. The mechanism of singlet oxygen generation from

CdsSe nanocrystals is depicted in Figure 2-16a.

Recently, Xia et al. [247] demonstrated that conjugated 9-ethylanthracene (9EA) functionalized
SiNCs performed TTA-UC mechanism when dispersed in 9,10-diphenylanthracene (DPA). The experiment

32



was conducted under an inert nitrogen atmosphere using (9-EA)-SiNCs as a sensitizer and DPA as an
emitter. The efficient Dexter-energy transfer was investigated by femtosecond transient absorption
spectroscopy. Photoexciting sensitizer materials drove spin-triplet exciton transfer from silicon-to-
anthracene through Dexter-like energy transfer with nearly 50% efficiency. With an excess of DPA
molecules, these particles readily upconverted 488-640 nm photons to 420 nm photons with TTA-UC
qguantum yields exceeding ~7%. The schematic is depicted in Figure 2-16b. The upconverting process
occurred for (9EA)-SINCs sensitizer only, whereas octadecene (C18)-SiNCs sensitizer with similar
treatment did not show any upconverting phenomenon. The plotting of upconversion intensity as a function
of excitation rate demonstrated that excitation rate threshold power fell from 0.95 Wcm2 for 488 nm
excitation, to 2 Wem 2 for 532 nm excitation. It was because the absorption of low energy photons was
significantly lower than the high energy photons. Another significant result was that the upconversion
process depended on the particle size of SiNCs, since upconversion quantum yields were increasing from
0 to 7% as the particle size decreases from 3.6 to 3.1 nm. Authors described it as being due to decreasing
particle size, the bandgap energy laid above 9EA triplet state (~1.8 eV), and the energy barrier was reduced

for nanocrystals to molecule energy transfer and led to increasing upconversion quantum yields.
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Figure 2-16. (a). Singlet oxygen generation mechanism of dye functionalized CdSe nanocrystals.
Adapted with permission from Mongin et al. [246] Copyright © 2017, Springer Nature.
(b). Triplet-triplet annihilation upconversion schematics tailored by dye functionalized
SiNCs immersed in the dye solvents. Adapted with permission from Xia et al. [247]
Copyright © 2017, Springer Nature.

2.6 Applications of dye functionalized SiNCs

2.6.1 As light-harvesting antenna

Locritani et al. [242] attached chromophore (pyrene) to functionalized SiNCs. The pyrene group
is tethered by (-C3Hs-O-CH>-) to guarantee the long distance between SiNCs-core and pyrene groups. The
authors investigated efficient energy transfers from chromophore to the SiNCs that have two distinct

particle sizes, namely 2.6 nm and 5.0 nm. The actual results of this experiment are efficient energy transfer
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from chromophore, for 2.6 nm particle size it was ~95%, which led to 300% brightness enhancement in the
visible range, whereas for 5.0 nm particle size was ~65%, which led to 78% brightness enhancement in
near-infrared ranges. Nevertheless, this experiment demonstrated that SiNCs could be used as a viable
scaffold in light-harvesting antenna because chromophore enables the enhancement of molar absorption of
SiNCs and leads to PL-emission or brightness enhancement [242, 248]. Beside pyrene, other chromophores
could also be attached to SiNCs to get strong absorption at visible ranges. Ruthenium (I1) bipyridine and
Zinc (1) tetraphenylporphyrin were synthesized to manipulated SiNCs with strong absorption at visible
ranges [206, 249, 250].

2.6.1.1 In bioimaging

As light-harvesting materials, dye functionalized SiNCs could be used as probe materials in
photoimaging. Owing to the UV-excitation potentially damaging the biological tissues, other excitation
methods need to be developed in SiNCs probe-based bioimaging. One attractive method was using a near-
infrared photoexcitation via two-photon excitation (2P). Herein, 2P excitation was done by exciting dye-
SiNCs using near-infrared radiation to produce emission at a PL-emission of SiNCs. Ravotto et al. [237]
conducted a systematic study on two-photon excitations of dye-SiNCs. SiNCs with particle size ~5.0 nm
was functionalized with 4,7-di(2-thienyl)-2,1,3-benzothiadiazole chromophores (TBT) and dodecyl chains
exhibited PL-emission at near-infrared radiation (900 nm). The authors claimed that PL-emission could be
obtained from 2P absorption by 960 nm excitations. The resulting emission could be differentiated from
the excitation wavelength by measuring PL-lifetimes of photoluminescences. The resulting emission was
the characteristics of that long-lived photoluminescence of SiNCs and completely different from the
excitation wavelength. This breakthrough invention might be useful when it is used as a probe in
photoimaging [237]. The resulting PL-emission exhibited from 2P absorption demonstrated that dye
functionalized SiNCs could be used as a bioimaging probe [244, 251, 252].

2.6.1.2 In luminescent solar concentrator

In luminescence properties, SiINCs show similar behaviour compare with other direct
semiconductors nanocrystals, since the emission is size dependent. In fact, SINCs demonstrate some
advantages in toxicity, and large Stoke-shift compared to other semiconductor nanocrystals. The large
Stoke-shift makes it possible to design a semi-transparent solar luminescence concentrator (LSC) that is
aesthetically attractive [253]. However, the main drawback is the absorption of SiNCs in the ultraviolet-A
(UVA) (315-400 nm) region is relatively low. Meinardi et al. [201] demonstrated that an LCS device
fabricated using alkyl functionalized SiNCs could exhibit power conversion efficiencies as high as 2.85%
and 70% transmittance [201]. In order to enhance the absorption in the UVA range, Mazzaro et al. [205]
used 9,10-diphenylanthracene (DPA) functionalized SiNCs embedded in methyl methacrylate (MMA)
polymer. The authors found that LSC's absorption was significantly enhanced due to dye attachment, and
optical efficiency was enhanced as high as 4.25%, almost without losing transparency [205]. This

remarkable result shows the possibility of dye functionalized SiNCs as a lumiphore in LSC.
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2.6.1.3 In biosensors

Terbium-amine functionalized SiNCs were used as a biomarker to detect dipicolinic acid (DPA)
as one constituent in Bacillus anthracis spores. By using a biomarker made of terbium-amine-
functionalized SiNCs, the detection of anthrax disease could be performed much more efficiently compared
with polymerase chain reaction, which was used as a standard detection method today. The detection
method was done by comparing the fluorescent intensity of terbium-amine functionalized SiNCs in the
interaction with DPA and fluorescent intensity, without interaction with DPA. This method's detection
limit was about 24 nM, four orders of magnitude lower than the spores' infectious dosage (6 x 10> M
required)[254].

2.6.2  As photosensitizer

2.6.2.1 Intriplet-triplet annihilation upconversion (TTA-UC)

Surface anchored 9-anthracene carboxylic acid-functionalized CdSe nanocrystals demonstrated
the ability to sensitize triplet-triplet annihilation on emitter molecule of diphenylanthracene. The resulted
upconverting was 432 nm emission wavelength from 532 nm excitation wavelength. Using rhodamine-6G
as a standard, 9-anthracene carboxylic acid-functionalized CdSe nanocrystals exhibit ~9% UC-quantum
yields [255]. The same authors demonstrated the kinetics of energy transfer from the CdSe exciton state to
the anthracene ligands' triplet state in the next publication [256]. The highest UC-quantum yield was
reported from the same group, for the same system, which exhibits 17% for upconverting green (488 nm)
to blue (430 nm) light [257-259]. Nevertheless, the SiNCs-analogue system could exhibit UC-quantum
yield at such a high value is remarkable, and similar work theoretically could also be done for dye
functionalized SiNCs [260, 261].

As described in the previous section, 9-ethyl anthracene functionalized SiNCs in the dispersion
of 9,10-diphenyl anthracene as solvent, demonstrated TTA-UC quantum yields exceeding ~7% at a given
particle size and excitation energy. Although the quantum yields are threefold lower than the comparative
CdsSe nanocrystals system, the breakthrough invention could open up new prospects for dye functionalized

SiNCs in light-to-energy conversion, biological imaging, photovoltaic, and photocatalysis.

2.6.2.2  Insinglet oxygen generation (*O)

Singlet oxygen (*Oy) is one of the key ingredients for photodynamic therapy (PDT) to treat
oncological disease. A suitable photosensitizer could be applied to form Oy, if the following requirements
are fulfilled: (1) having low toxicity in the absence of irradiation, (2) working specifically to the target
cancer cells, (3) having relatively high efficient energy transfer, (4) short retention time in the body, (5)
having stability against coagulations/aggregation, and (6) exhibiting excellent photostability [262]. Owing
to the excellent behaviour of SiNCs as PS, it has potential to be developed for nano-theranostics. Nano-
theranostics is a term introduced for the comprehensive effort that integrates diagnostics and therapy in a

single platform using nanomaterials. Dye functionalized SiNCs is one of the potential nano-theranostics
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agents which could be applied in this platform. Applying dye functionalized SiNCs as PS in-vivo, the image
of cancer and another diseases could be resolved (photoimaging), simultaneously 'O, is released to cure
and heal [263-265].

Samia et al. [266] demonstrated that the CdSe quantum dot could be used as a photosensitizer
for 10,. Generating reactive oxygen species were tailored by triplet-triplet energy transfer (TTET) from the
quantum dot to oxygen [266]. The emission spectra of resulting radiative relaxation of O, were investigated
at 1270 nm using laser-flash photolysis with liquid-nitrogen Ge detector. Singlet oxygen quantum yields
(dw,) of oxygen saturated CdSe quantum dot exhibited ~5%, relative to the reference phenalenone ®uw,
(~1.0%) [266]. As a result, the authors claimed that the CdSe quantum dot could be used as an agent for
photodynamic therapy.

As previously described, Mongin et al. [245] demonstrated the formation of singlet oxygen due
to efficient triplet-triplet energy transfer from dye functionalized CdSe to ground-state oxygen in the
atmosphere [245]. In the relaxation process, 1O, was emitting fluorescent at 1270 nm radiation wavelength.
Therefore, dye functionalized CdSe materials appear to be promising candidates for oxygen sensing [245,
246, 260].
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3 Methodology

3.1 Functionalization with linear alkyl ligands

3.1.1 Materials

Silicon monoxide (99.9%, 325 mesh) purchased from Sigma-Aldrich, Fox 16 purchased from
Dow Corning, hydrofluoric acid (HF) (48%) obtained from Fisher Scientific, ethanol absolute, methanol
(MeOH) (98%-++), potassium hydroxide (KOH) HPLC grade, toluene (99%), pentene-1 (98%), dodecene-
1 (94%), tetradecene-1 (96%), hexadecene-1 (98%), allyl methyl ether (97%), and octadecene-1 (96%)
purchased from Merck, hexene-1 (99%) and octane-1 (99%) purchased from Acros, decene-1 (96%) and

n-hexane spectroscopic grade obtained from Alfa-Aesar and a-lipoic acids purchased from VWR.

3.1.2 Synthetic procedures

3.1.3 Synthesis of hydrogen-terminated Si-NCs

A 1.0 g SiOx (x<2) was transferred to a quartz boat (Figure 3-1a) and reduced thermally under
flowing forming gasH: (5%) in Ar (95%) at 900°C for 60 minutes in the quartz tube furnace (Figure 3-1b).
Experiments were performed at different annealing temperatures; 900; 1,000; 1,100; 1,200; 1,300; and
1,400°C. After annealing, the products were cooling down to room temperature and grounded using an
agate mortar. Since the IMT laboratory is equipped with a dedicated fume hood and neutralisation system
for handling concentrated HF, etching with concentrated HF was possible in my work.

The fine powder was transferred to 100 ml Teflon (PTFE) flask and 20 ml of absolute ethanol
and 20 ml of HF solution 48% v/v was added. The solution was stirred for 150 minutes to etch the SiOy
matrix. Since working with highly concentrated HF poses severe chemical hazards, experiments using low
concentration HF (12.5% v/v) were also performed to reduce the risk of using high HF concentration.
However, from our observation, using the acid with low concentration significantly increases reaction time.
Our experiments indicated that to get comparable results with 150 minute etching time, with 48% v/v HF,
the process needs approximately~750 minutes (12-13 hours) if 12.5% v/v HF was used. Furthermore
ammonium fluoride (NH4F) was also performed as an alternative etching agent. A 17.8 g NH4F was diluted
in water to make 20 mL solution NHsF (aq). The fluoride (F") concentration in the solution is comparable
with 48% v/v HF. In this case, H-terminated SiNCs' products were produced after 150 minutes etching with

the yield comparable to the experimental protocol with 48% v/v HF [267-269].

The brown dispersion obtained after etching was transferred to a Teflon separatory funnel and
extracted with 20 ml of the corresponding alkene. Allyl, methyl ether was used to produce allyl, methyl

(C3), pentene-1 was used to produce pentyl (C5), hexene-1 was used to produce hexyl (C6), octene-1 was
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used to produce octyl (C8), decene-1 was used to produce decyl (C10), dodecene-1 was used to produce
dodecyl (C12), tetradecene-1 was used to produce tetradecyl (C14) and hexadecane-1 was used to produce
hexadecyl (C16)-SiNCs. The top layer (non-polar organic part) was transferred to the round bottom flask

or G30 microwave flask for argon purging.

Figure 3-1. (a) Black powder of silicon monoxide (SiOx(x<2)) in the quartz boat, and (b) High-
temperature tube furnace for the synthesis of SiNCs. A silicon rubber-sealed quartz tube
makes it possible to deliver forming gas (Hz/Ar, 5%6/95%) during the annealing process.

Fox-16 from Dow Corning & Co was also used in the annealing process as a reference from the
previous reports [127, 270, 271]. A 5 ml of liquid was transferred to a 10 ml rotary evaporator flask to
evaporate solvent under low temperature. A 5-hour evaporation process was used to get the white
precipitate powder, at the bottom of the container, transferred to the quartz boat. The same reduction process
was performed at 1,000°C for 60 minutes. The brown glassy chunk material was collected and grounded in
an agate mortar. The fine powder was treated similarly to the above procedure. Our experiment produces
(C10)-SiNCs with particle size ~3.8nm on average, and batch PLQY is ~15%, which is ~50% lower than

our SiO precursors.

In an etching process, a strong base (e.g., KOH) is also attempted to etch annealed SiO using. 10
grams of KOH was diluted in 20 mL of absolute methanol (98%+ v/v) with vigorous stirring, the KOH
gradually became soluble to form a viscous solution. A 0.3 g annealed SiO was transferred to the solution
and stirred for 3-5h. Orange viscous solution was spooned out and diluted with methanol (MeOH) and
observed with a 405 nm laser pointer to see the emission. A strong emission at 450 nm indicated the blue

emission SiNCs that were previously reported by several authors [192, 272, 273].

3.1.4 Hydrosilylation reaction

In my project, there were two reactions used, namely, conventional thermal hydrosilylation
reaction (CTH) [274] and microwave-assisted hydrosilylation reaction (MWH). Our first attempt used a
reflux reactor in order to replicate previous results reported by other groups [275, 276]. Our approach was

to get the same declared value of SINCs PLQYs, learn from it, and develop a method to optimize the yields
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and photophysical properties. In reflux reactor, only 1-decene as passivating agent was used as reference
work because Ozin's group widely reported the results [83, 86-90, 234, 275-282].
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Figure 3-2. (a) Reflux reactor and (b) microwave reactor (Monowave 400®) for hydrosilylation
reaction functionalization in SINCs synthesis. (¢) PLQY values of hexyl (C10)
functionalized SiNCs using conventional hydrosilylation methods in reflux reactor ()
and microwave-assisted hydrosilylation reaction in a microwave reactor (e). PLQY values
were attributed to batch products right after the synthesis.

Conventional thermal hydrosilylation (CTH) was performed using a reflux reactor. Two-neck
round-bottom flasks were placed in the electric heating mantle, and the top neck was mounted to the
condenser or reflux that was filled with spiral pipe water-cooling to let the vapour from the solvent re-
condensate back to the bottom of the flask. Another neck was mounted to the argon gas inlet, allowing
argon gas to flow on top of the solvent and exit at the top of the condenser. The condenser's height is long
enough to prevent the solvent's evaporation while introducing argon gas (Figure 3-2a). The reaction
proceeds at the boiling point of the solvent. There is only one possibility of doing a hydrosilylation reaction
in conventional thermal reflux at the solvent's boiling point of ligands. If the reaction works above the
solvent's boiling point, it must be done using another approach, such as solvatothermal synthesis/reaction.
The generic name attributed to the reaction above the liquid's boiling point was named as a hydrothermal
reaction. This term has been used since the mid-19th-century when geologists first simulated the formation
of rocks and minerals[19]. In solvatothermal synthesis, the reaction proceeds at a very high temperature as
long as the chamber can hold the extreme confine pressure inside [283, 284].

The heating method can be fire, melting metals, steam, electricity, and microwave. One way to
do solvatothermal reaction is by using microwave-assisted hydrosilylation. My experiment uses the
Monowave 400® microwave reactor produced by Anton Paar GmbH (Figure 3-2b). The device consists
of an 850W magnetron to generate microwave radiation. The sample holder is located in the round cylinder
shape in the middle and is 10 cm in diameter. At the bottom is a hole for the exhaust and in the wall at 90°
respective to each other are windows, one is directly facing the infrared sensor (which is simultaneously
measuring reaction temperature), and one is facing to the front camera lens (which simultaneously monitors

the progress of the reaction).
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The cylinder is equipped with a white PTFE cavity holder that is screwed to the metal cylinder
and equipped with silicone rubber as protection. This PTFE cavity is designed as a protective and cooking
chamber for this instrument. Sometimes an accident might happen (for example, vial rupture or electric
sparks), this chamber (cavity) should hold the debris and fire to prevent further damage to the instrument
(vial ruptures are our collective experiences when performing reactions). Because the device can work at
high pressure (max 30 bar) and relatively high temperature (max 300°C), the unique holder and vial are
designed for it. The vials for this instrument are G30 and G10, and the index refers to the maximum volume
of the vials. G30 means that this vial has a maximum volume of 30 ml, but in the reaction it must be filled
to a maximum of 20 ml to anticipate the thermal volume expansion, whereas G10 means this vial has a
maximum volume of 10ml, but must be filled to a maximum of 5 ml for the same reason. The vials are
made of thick quartz glass and can hold up to 30 bar pressure. However, by request, there is also a vial
made of silicon carbide for a particular purpose. The vials are capped with Teflon® coated silicon septum
and tightened with a heat resistant plastic/polymer cap. There is a hole in the middle of the septum to mount
a small glass pipe for a ruby thermometer. This ruby thermometer is used to measure reaction temperature
in real-time and with high accuracy. The sample holder is attached to a rotating hydraulic-lid operating with
pressured air. Pressured air is used as a coolant for the hydraulics. Finally, the instrument works with
factory-developed software equipped with a full touch-screen display for users' convenience. The brief
photophysical properties of conventional thermal hydrosilylation and microwave-assisted hydrosilylation

are presented in Figure 3-2c for comparison.

3.1.5  Conventional thermal vs. microwave-assisted hydrosilylation

3.15.1 Conventional thermal hydrosilylation (CTH)

The brown dispersion obtained after etching process was transferred to a Teflon® separatory
funnel and extracted with 20 ml of hexene-1. The polar part was discarded, and the non-polar part was
collected in a 100 ml two-neck round bottom flask. The condenser is assembled, argon gas was delivered,
and the mantle's temperature was adjusted to reach boiling temperature. The temperature was maintained
by fixing the knob of the mantle to boiling temperature. At boiling temperature, the reaction was maintained
at this condition for at least 15-18h to complete the hydrosilylation reaction. When the reaction was
completed, the dark orange solution was formed, and under 405 nm laser excitation, it was easy to see the
red fluorescent light as an indicator for the successful formation of decyl (C10)-SiNCs. A small quantity
of solution was pipetted and re-dispersed in n-hexane for PLQY measurement of the batch solution. The
solution was then transferred to a centrifuge tube, rotating at 2,500 rpm for 5 minutes to remove the big
particles. The dispersion was transferred to a new tube, and dropwise of ethanol/methanol (1:2) mixture
was added to the solution until the milk solution formed and the centrifuge began at 2,500 rpm. The
precipitate was collected and re-dispersed in n-hexane and labelled as fraction number one (F1). The
solution was transferred to the new centrifuge tube, and again dropwise of the mixture was re-added until

homogeneous milk was formed. Other consecutive centrifugation processes were carried out similarly with
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the above procedure with the speed being increased gradually from 2,500 rpm to 3,000; 3,500; 4,000; 4,500;
5,000; 6,000; 7,000; 8,000 and 9,000 rpm. The time is increased from 5, 10, 15, and 20 minutes until a
precipitate was formed. Collected precipitate were named as fraction number 2, 3, 4...14 (F2, F3, F4, F5,
F6, F7, F8, F9, F10, F11, F12, F13, and F14). F14 is bright reddish SiNCs in hexane solution having bright
red emission when illuminated with a 405nm laser. Whereas F1 is dark black-reddish SiNCs dispersed in
hexane solution, having dim red emission when illuminated with 405 nm laser. The precipitation process
was stopped when the solution is water-clear and showing no-red-emission when illuminated with a 405
nm laser (see Figure 3-3).

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 Rest

Figure 3-3. Size-separation with centrifugation by using a dropwise MeOH/EtOH (1:2) mixture. F
represents the separated fraction due to the amount of mixture (dropwise), the speed of
centrifuge rotation (increased gradually from 2500-9000 rpm), and rotation time
(increased gradually from 5-20 minutes).

3.1.5.2 Microwave-assisted hydrosilylation

The brown dispersion was transferred to a Teflon® separatory funnel and extracted with 20 ml
of hexene-1 (C6), octene-1 (C8), decene-1 (C10), dodecene-1 (C12), tetradecene-1 (C14), hexadecane-1
(C14), allyl-methyl ether (C3), and pentene-1 (C5). The polar solution was discarded, and the non-polar at
the top was collected in a G30 microwave vial and sealed with silicone septum. Argon gas was delivered
into the solution through a needle. The resulting dispersion was purged for 20 minutes before being placed
in a microwave reactor (Figure 3-4a, b, c). Sample C8, C10, C12, C14, and C16 were thermally heated at
250°C for 20 minutes and 600 rpm stirring, whereas sample C6 was heated at 230°C for 20 minutes and
600 rpm, and sample C3 and C5 were mixed with 5ml p-xylene and heated at 230°C for 20 minutes and
600 rpm. The temperature was monitored in real-time using a ruby thermometer, which was dipped in
solution. Afterwards, the products were transferred to a centrifuge tube and rotated for 5 minutes to discard
large particles. A small quantity of solution was pipetted and re-dispersed in 5 ml n-hexane for PLQY
measurement of batch solution. The batch synthesis was repeated four times for every alkene and seven
times for hexene-1 (C6) to get confident statistics of reproducibility/repeatability and the procedure's
reliability. Size separation was not performed because hexyl (C6)-SiNCs tended to precipitate under an
ambient atmosphere. Once the synthesis was completed and the solution temperature was cooled down to
room temperature, many tiny yellow particles started to precipitate at the bottom of G30. The non-

precipitate (yellow solution) was collected for PLQY measurement. These yellow solutions were not
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precipitated when a methanol/ethanol mixture was dropped, and even ultra-centrifuge (15,000 rpm) was

applied to the solution (Figure 3-4d, e).

Figure 3-4. (a) H-SiNCs dispersed in alkene-1 is purged with argon for 20 minutes, (b) cavity in
microwave reactor the place for vials during hydrosilylation reaction, (c) reaction
produced under room fluorescent light, (d) reaction produced under 365 nm ultraviolet
lamp, and (e) reaction produced under 405 nm laser excitations (0.2 mw).

3.1.5.3 Radical functionalization reaction

For compounds having a carbon chain lower than C5, namely, ethylene (C2), propene-1 (C3),
and butene-1 (C4), their room temperature phases were usually a vapour or a gas. Since working with the
gas phase is inconvenient, the radical functionalization reaction method is thus one way to do it. To
commence, this work wants to functionalize H-SiNCs with butene-1 (C4). The procedure was that the
brown dispersion was transferred to a Teflon® separatory funnel and extracted with 20 ml of hexane. The
polar solution was then discarded, and the non-polar solution was collected in 100ml two-neck round-
bottom flasks. The valve neck was closed, and the central neck was closed with a rubber stopper. The
container is then connected with a rotary evaporator to evaporate n-hexane and end up with dry precipitate
H-SiNCs at the bottom of the flask.

The quantity of black precipitate was approximate 1-5 mg. The procedure was continued by
unmounting the flask from the rotary evaporator and closed with a rubber stopper. The flask was placed in
a 500mI Dewar filled with liquid nitrogen. Once the expected temperature was achieved, butene-1 (C4)
was delivered to the container. The regulator at the butene-1 bottle needs to be adjusted carefully to control
the flow. Gradually clear transparent C4 liquid started to form at the bottom of the flask, and the process
was maintained for about 5-10 minutes until the significant liquid was formed. A 0.1 mg 2,2-azobis(2-
methylpropionitrile), in short AIBN, was added to the solution as a radical precursor. The dispersion was
shaken gently inside the Dewar for 10-15 minutes. The flask was lifted, and the solution gradually
disappears, leaving behind black powder. When attempted to re-disperse it in 5 ml n-hexane the powder
was no longer soluble in the hexane. When the powder illuminated with UV-light, there was no red emission

coming from the powder as a sign of (C4)-SiNCs formation. From the appearance of the powder, it
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resembled a pristine silicon monoxide. Based on the observation, it concluded that the experiment was
failed, and the result was negative. It was not worth trying to dig any more profoundly into this research
because finding a suitable precursor for the radical reaction that works at very low temperatures was time-

consuming, and the objective was beyond our target.

3.1.6 Characterization

3.1.7 Structural and optical characterization

3.1.7.1  Ultraviolet-visible spectroscopy

Absorption spectra were taken with a UV-Vis-NIR spectrophotometer (Perkin Elmer Lambda
950) with a 2 nm resolution. Both sample and reference cuvettes (3.5 ml, path length 1 cm from Starna®)
were filled with n-hexane to take a baseline. The SiNCs sample (dispersed in n-hexane) was dropwise to
the sample cuvette using 20ul pipette and its spectra was collected. The absorbance/optical density was
determined using the Lamber-Beer relation. All absorbance in this thesis is measured using a Perkin Elmer
Lambda 950 instrument, resulting in the direct conversion of transmittance to absorbance. The device
recorded only the number of photons transmitted through particles to the detector, and the absorbance was
determined as transmittance-absorbance relation in the Lamber-Beer equation. In this thesis, the unit for
absorbance is written as AU, to distinguish it from the arbitrary unit (a.u) the capital A and U are used

instead.

3.1.7.2  Photoluminescent excitation (PLE)

PLE was taken with a spectrofluorometer (Varian Cary Eclipse®), equipped with a build-in
Xenon lamp as an excitation source and photomultiplier tube (PMT) as the detector. The instrument can
scan from 250-1,000 nm with the slits for excitation, and emission can be adjusted at 1.5, 2.5, 5, 10, and 20
nm. The device is also equipped with built-in filters for excitation and emission, and the detector's
sensitivity can be increased by adjusting the detector's current/power. In SiNCs, rapid emission scanning
was conducted to briefly locate the emission peak under excitation at 350 nm, at which SiNCs have
significant absorption. Experiments showed that maximum emission peaks for our SINCs sample were
located around 800-890 nm. Therefore, PLE was acquired at 800 nm emission, and the excitation was
scanned from 300-550 nm. Since alkyl functionalized SiNCs is considered a typical indirect bandgap

semiconductor, the PLE is coinciding perfectly with UV-Vis spectra.

3.1.7.3  Attenuated-total reflectance fourier-transform-infrared spectroscopy (ATR-FTIR)

Infrared spectra were taken with Bruker Vertex 70 with a platinum ATR module. A diamond
crystal was used as ATR crystals, and spectra were taken from 4000 cm™ to 600 cm™* with 2 cm™ resolution.
No specific sample preparation was required. SiNCs (dispersed in n-hexane) were drop-casted using
micropipette on the top of the crystals, and the measurement can proceed. For SiNCs, determining Si-H
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peaks at 2100 cm™ is the most arduous task, since measuring this peak is quite tricky because signals at
2100 cm* are often buried in a loud noise floor due to the strong IR absorption of the diamond crystals.
However, the signal-to-noise ratio was enhanced by carefully collecting the background signal for

subtraction and thus successfully made this measurement possible at the cost of a long measurement time.

Moreover, ambient CO2 and H,O might disturb the measurement, but maintaining nitrogen flow
at 140 (squared-cubic-centimeter) sccm/min and setting-up CO2/H2O calibration is very helpful. Most
SiNCs peak and alkyl chain peaks are distinguishable, except for wide-band at 980-1,200 cm%, but overall
measurement can be performed at ambient temperature and pressure with reasonable accuracy. The peaks
acquired with ATR-methods were compared with the controlled atmosphere of potassium bromide (KBR)-

pellet transmittance methods as references.

3.1.7.4 Photoluminescent (PL) emission

PL-emission spectra were measured with calibrated CCS200 spectrometer (Thorlabs) using 1
mW light emitting diode (LED) with A = 375 nm for excitation. The LED beam was focused with a lens
and directed into an integrating sphere (Labsphere) with 15 cm diameter. An optical Imm fibre
(FP1000URT, Thorlabs) was used to collect the emission from the integrating sphere and transfer it to the
spectrometer (CCS200, Thorlabs). Short integration times, usually 20-50 times shorter than for UC
detection, were utilized. All raw detected spectra were recalculated to give power spectra using an
integration time value. The linearity of the signal versus integration time of CCD was proven
experimentally. The whole detection system's spectral response was calibrated using a calibration lamp
(HL-3plus-INT-CAL, Ocean Optics), and the correction was further applied to the power spectra.

3.1.8 Particle size characterization

3.1.8.1 Dynamic light scattering (DLS)

A particle size analyser, Litesizer 500™ was used to measure particle size. This instrument can
determine the particle size of nanoparticle and microparticles in dispersion or solution (the measurement
result is comparable with scanning electron microscope (SEM), transmission electron microscope (TEM),
and atomic force microscopy (AFM)). In principle, the particle size is determined by simulating the number
of scattering lights caused by the particle in random motion. There are two kinds of possible scattering
measurements: static light scattering and dynamic light scattering. In static light scattering (SLS), every
single particle in the system scattered light once in time in any direction; thus, by putting many calibrated
detectors at all possible scattering points (half-sphere), and correlating the light interferences (constructive
interferences) with a simulated cross-section of the theoretical particle, the hydrodynamic size (simply
globular size for polymer) can be determined. However, confining single scattering light in one direction
is not easy; thus, multiple scattering seems likely for photons by increasing the concentration. Therefore,

the autocorrelation function was applied in dynamic light scattering (DLS).
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In principle, DLS works based on fluctuation change in monochromatic scattering light due to
time, caused by Brownian motion of tiny (nano-or micro size) particle or molecule. Two layers of polarizers
were located at a given position, and slightly moving one polarizer, creating a fluctuating intensity of the
scattering pattern. The dynamic of scattering intensity overtime is fitted to the auto-correlation function to
get the particle information. This information was acquired to predict the particle properties, such as
hydrodynamic diameter, size distribution, and monodispersity index using a series of mathematical
approximations. In our project, Litesizer 500™ was used; this instrument is developed and fabricated by
Anton Paar GmbH.

Alkyl-SiNCs samples were diluted in toluene or n-hexane and filtered through 0.02um PTFE
filter to a fluorescent cuvette (3.5 ml, path length 1 cm from Starna®), and closed with the cap. The cuvette
was placed in the cuvette holder, and the lid was closed. Measurement was done using specific adjustments:
the cuvette was quartz glass, the solvent was n-hexane, measurement temperature was at 20°C, and the
measurement angle was optimum, meaning that the instrument will adjust to all possible measurement
angles; 30°, 90°, and 127°. Every measurement was repeated at least three times, and every single analysis

was done in 60 cycles to get a reliable result.

3.1.8.2 Transmission electron microscope (TEM)

Transmission electron microscope (TEM) investigations were carried out on a TITAN 60-300
microscope, at accelerating voltage 300 kV. The measurements were conducted in the institute of

nanotechnology (INT), North Campus, Karlsruhe Institute of Technology (KIT).

3.1.9 Photoluminescent quantum yield (PLQY) and PL-lifetimes

3191 PLQY

PLQY was determined using two methods: relative/comparative method and absolute method.
In the relative method, one compares the gradient of integrated fluorescence/absorbance of the sample
[grad,] and the reference [grady] relative to the reference PLQY data retrieved from literature (®¢,)
according to Equation3.7.

[grad,] n}
®, = —_— 3.7
Ix IR [gradg] n? (37)
Where n2 and nZ is refractive index of sample and reference. In our research, zinc
phthalocyanine (Zn-Pc) (s =23% in THF at 20°C) were used as standard [218]. Comparing the gradient
of the integrated intensity of the SINCs sample and the integrated intensity of the reference (Zn-Pc) material,
the sample's quantum yield can be determined using Equation 3.7. In Figure 3-5 there is an example of

PLQY determination for decyl (C10)-SiNCs fraction number-10 (F10) and PLQY (®f =18.5%).
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Figure 3-5. (a) Absorbance, (b) PL-emission excited at 350 nm, and (c) integrated fluorescent
intensity vs. absorbance for decyl (C10)-SiNCs fraction-10 (F10) from the conventional
heating hydrosilylation reaction. (d) Absorbance, () PL-emission excited at 350 nm, and
(f) integrated fluorescent intensity vs. absorbance of Zn-phthalocyanine

The slit of UV-vis-NIR spectrophotometer (Perkin Elmer Lambda 950) and spectrofluorometer
(Varian Cary Eclipse) are adjusted to achieve the same spectral bandwidth of 5 nm. Fluorescent cuvettes
filled with 2 ml n-hexane (blank) were placed in the sample holder of the UV-vis-NIR spectrometer to take
a baseline. A 10 pl (C10)-SiNCs (dispersed in n-hexane) attributed as sample F10 was dropped to one
cuvette, and spectra were taken (bear in mind that gradual addition of the sample should be around optical

density (OD) OD=0.01 or OD=0.02 to prevent reabsorption). The same fluorescent cuvette was moved to
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the Varian Cary spectrofluorometer cuvette holder, and emission was collected at 350 nm excitation and 5
nm slit bandwidth. Next, a 10 pl (C10)-SiNCs was re-dropped into the cuvette, and absorption and emission
spectra were collected. The addition of (C10)-SiNCs sample was continued 4 or 5 times to get an excellent
square plot. The same principle was applied for reference Zn-Pc; instead of using an unknown
concentration, in Zn-Pc, a stock 10® M solution was used as a starter. The solution of Zn-Pc in
tetrahydrofuran (THF) were used because PLQY data was available from the literature[218]. Similar
procedures were realized with Zn-Pc, and our plot demonstrated gradient was 3212 for linear plot integrated
fluorescent intensity versus absorbance (see Figure 3-5f). Overall, the procedure was reliable except that
the PMT detector in our spectrofluorometer is not sensitive at NIR emission (800-1,200nm). For a sample
fraction-1 (F1) of (C10)-SiNCs, the emission was cutting off at 860nm, and the shape of emission was a
truncated bell-shape. Due to the problem, this method was decided not to be used any further. However, as
a learning process, the PLQY of fractionated (ensemble) of (C10)-SiNCs can be determined for samples
(F1, F2, F3...F14). Apart from the accuracy, our work demonstrates good agreement with the previous

report (pyramid shape of PLQY trend).

Another technique called an absolute method is used to solve a problem with the
relative/comparative method. Instead of measuring PLQY sample-x relative to reference-y, all incoming
emission photons were collected from the sample and divided by the absorbed photons from the sample
(coming from the sources). Careful measurement in the integrating sphere and avoiding all possible loss
due to reflections, refractions, et cetera, an absolute PLQY was attained. The home-build PLQY apparatus

illustrated schematically in Figure 3-6a.

a Spectrometer b Spectrometer
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Figure 3-6. Schematic of (a) home built PLQY and (b) broadband excitation setup

The spectra of emission and photoluminescent quantum yield (PLQY) of the materials were
measured in a home-built optical system. As an excitation source, a 375 nm LED with a glass lens
(LED375L, Thorlabs GmbH) is driven by the laser diode controller (ITC4001, Thorlabs GmbH) was used.
For the PLQY measurements, the LED emission was directed through a small opening (5mm) straight into
the integrating sphere (1S) (Labsphere), having a diameter of 15 cm. A sample was placed in the middle of
the integrating sphere on the rotatable holding adapter. Optical fibre with a diameter of 1 mm (FP1000URT,
Thorlabs) was collecting an emission from the integrating sphere and transferred the light to the CCD
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spectrometer (AvaSpec-2048x64-TEC, Avantes BV). The detection system's spectral correction was done
using a certified halogen calibration lamp (HL-3plus, Ocean Optics). The correction factors include spectral
sensitivity of the CCD of the spectrometer, spectral transmittance of the optical fibre, and spectra changes
caused by other reasons like non-ideality of the scattering coating of IS. The spectra necessary for an
absolute PLQY value determination were measured and analysed according to the published procedure
[278, 285]. The schematics of our home-build PLQY setup and broadband excitation setup is illustrated in
Figure 3-6b.

3.1.9.2 PL lifetimes

For PL lifetime measurements, time-correlated single-photon counting (TCSPC) and a
multichannel scaling (MCS) card (Timeharp 260, Pico Quant) were used. The diode laser (Thorlabs 405
nm) was performed via a built-in function generator in the laser diode driver. To detect UC emission, the
TTL signal from the laser diode controller was delayed using a delay generator (DG645, Stanford Research
Systems). The spectral separation of the photoluminescence was achieved via a double monochromator
(DTMS300, Bentham), and the emission at a specific wavelength was detected via a photomultiplier tune

(R928P, Hamamatsu), mounted in a temperature-cooled housing (Cool One, Horiba).

3.1.10 Stability measurement

Alkyl (C6, C8, C10, C12, C13, C14, and C16) functionalized-SiNCs samples were stored in
separate vials, one was stored in a screw cap vial at ambient oxygen atmosphere, and the other one was
stored in the glovebox. The sample stored in ambient oxygen was investigated daily for the emission and

PLQY, whereas the glovebox sample was examined at the end of the experiment.

3.2 Dye functionalized SINCs
3.2.1 Materials

Silicon monoxide (99.9%, 325 mesh) was purchased from Sigma-Aldrich®, hydrochloric acid
(48%) was purchased from Fisher Scientific®, ethanol 98%, methanol (HPLC grade) and toluene (99%+)
were purchased from Merck®, 1-hexene (99%) was purchased from Acros®, n-hexane spectroscopic grade
was purchased from Alfa Aesar®, 3-ethenylperylene was purchased from Fluorochem®. Ltd, UK, and 3-
ethynylperylene were obtained from Lumiprobe GmbH, Germany. All chemicals were used without further
purification. Ethylene-m-phenyl BODIPY (MS (APCI): m/z (%) 406.3(99.2) M-) was synthesized in
agreement with Clark et al. [220] using 3-vinylbenzaldehyde (Sigma-Aldrich®) as a precursor[286].
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3.2.2  Synthetic Procedures

3.2.3 Synthesis of hydrogen terminated SiNCs

1.0 g SiO(x<2) was transferred to a quartz boat and reduced thermally under flowing H; (5%) in
Ar (95%) at 900°C for 60 minutes in a tube furnace. After annealing, the product was cooled down to room
temperature and ground using an agate mortar. The fine powder was transferred to 100 ml Teflon® vessel,
and 15 ml of absolute ethanol and 15 ml of HF acid solution 48% v/v were added and stirred for 150 minutes
to remove the SiO, matrix. The resulting brown dispersion was transferred to a Teflon® separatory funnel,

and SiNCs were extracted with 15 ml toluene or n-hexane.

3.2.4 Hydrosilylation of dye molecules and SiNCs in MW reactor

A 3-step optimization method was done to the sample to get an effective dye functionalization.
Our first approach is based on the alkyl functionalization, and then the procedure were developed afterward
to get an expected materials. For the first method, the dispersion of H-SiNCs in toluene was transferred to
G30 MW glass tube, 2 mg of the dye molecule was added and the solution stirred under argon atmosphere
for 30 minutes before the reaction in the MW reactor. The MW reactor (Anton Paar Monowave 400®) was
performed at 230°C for 120 minutes. The second method, H-SiNCs in hexene-1 was transferred to G30
MW vial, and 2 mg of the dye molecule was added to the solution while stirring under the argon atmosphere
for 30 minutes before conducting the reaction in the MW reactor. The reaction in the MW reactor was
performed at 230°C for 120 minutes. Finally the third method, 5 ml of hexene-1 was injected into the

solution obtained in the first method, and additional heating at 230°C was performed for 120 minutes.

3.2.5 Purification of SINCs

After the hydrosilylation reaction, the product was centrifuged (centrifuge Sigma 2-16P®) at
2000 rpm for 10 minutes to discard the massive particles. A mixture of ethanol: methanol (2:1) was used
to precipitate SINCs with the attached dyes. The resulting cloudy solution was centrifuged at 10,000 rpm
for 20 minutes; the precipitate was collected, washed three times with methanol, and re-dispersed in n-
hexane. The dye attachment was controlled using thin-layer chromatography (TLC). The bright spot (with
Rf = 0.6 - 0.9) was observed in the control experiment with the unreacted dyes. Under UV-excitation, the
TLC plate with dye functionalized SiNCs did not demonstrate any bright spots that might correspond to the

unreacted dyes.

3.2.6 Characterization

A Bruker Vertex 70 with platinum attenuated total reflection (ATR) module was used for the IR

absorption measurements. Anton Paar Litesizer 500™ was used for the particle size distribution
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measurements. A UV-VIS-NIR spectrophotometer (Perkin EImer Lambda 950) was used for the optical

absorption measurements.

3.2.7 Measurements of the extinction coefficient

A stock solution 0.1 % w/w SiNCs in n-hexane was prepared via dissolution of 0.655 mg dried
SiNCs powder in n-hexane (1 ml). The stock solution 20 ul (13.1 pg) was then diluted in the n-hexane (2
ml) in 3 ml cuvette resulting in dispersion with a concentration of 1 x 10~ % wi/w. The stock solution (20
ul) was gradually added to the cuvette to prepare the least-square plot. Least-square-plot of absorbance as

a function of concentrations were used to calculate the value of the extinction coefficient.

3.2.8 Measurements of the PL and PLE spectra

Varian Cary Eclipse 50® spectrometer was used for measurements of PLE spectra. The PL-
emission at excitation wavelengths Lex = 300 nm, 375 nm, 405 nm, 440 nm, and 515 nm were measured
during PLQY measurements using a calibrated spectrometer (AS 5216 DLL, Avantes). The absolute PLQY
is defined as the procedure described previously in section 3.2.3.1.

3.2.8.1 Broadband excitation

In the experiment with broad excitation via a white-light LED, a short-pass filter with a cut-off
edge at 550 nm was used to block the incoming light. A long-pass filter with a cut-off edge of 550 nm was
used in the detector's front to block the dyes luminescent. All measurements were performed for dispersions
with the same optical density at A 300nm = 0.3 absorbance unit (AU). The brightness enhancement
(Dprightness) is determined with Equation 3.8.

f Icorrs (/1) da

Abrightness= m (3.8)
corrg

Where (I.o,+, )the corrected intensity of the measured sample, (1.0, )is the corrected intensity

of reference (C6)-SiNCs. The home-build setup for broadband excitation measurement is illustrated

schematically in Figure 3-6b.

3.2.8.2 PL-lifetimes

For the NIR PL lifetimes measurements, multichannel scaling (Time Harp 260, Pico Quant) was
used. A modulated 405 nm, 80mW DL-7146-1012S lasers diode from Roithner Laser Technique is used to
excite samples in the four edges of the polished cuvette. The TTL signal from the laser diode was controlled
with a delay generator (DG645, Stanford Research Systems). A double monochromator (DTMS300,
Bentham) was used to collect photoluminescence at the specific 810 nm wavelength. The emission was
detected by a PMT (R928P, Hamamatsu), mounted in cooled housing (Cool One, Horiba).
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Nanosecond PL lifetimes were measured using a steak camera (Hamamatsu C10910) coupled to
a spectrometer (Acton SpectraPro SP2300) with an instrument response function of 320 ps. For the
excitation, a mode-locked Ti: sapphire laser (Coherent, Chameleon Ultra) with a pulse width of 140 fs and
a repetition rate of 80 MHz was used.

3.3  Singlet Oxygen Generation

3.3.1 Materials

Silicon monoxide (99.9 %, 325 mesh) and phenalenone (phen) (also known as perinaphtenone,
97 %) were purchased from Sigma-Aldrich®. Hydrofluoric acid (48 %) was purchased from Fisher
Scientific®. Ethanol (98%), methanol (HPLC grade), and toluene (99 %+) were purchased from Merck®.
1-hexene (C6) (99 %) was purchased from Acros®. Cyclohexane (spectroscopic grade) was purchased
from Alfa Aesar®. 3-ethynylperylene (dye-1) was obtained from Lumiprobe GmbH, Germany, and 3-
ethenylperylene (dye-2) was purchased from Fluorochem. Ltd, UK All chemicals were used without further

purification.

3.3.2 Singlet Oxygen Quantum Yields ( ®a)

In this experiment, singlet oxygen quantum yield (®4) were determined using two approaches,
namely chemical method and phosphorescent method. The chemical method is conducted by quantifying
the number of the product (i.e. peroxide molecules from probe molecules such as 9, 10-dimethylanthracene
(dma) and rubrene (rubrene), due to the photochemical reaction of singlet oxygen and probe molecules
divided by the number of absorbed photons. In contrast, the phosphorescent method is conducted by

quantifying the singlet oxygen phosphorescent at 1270 nm relative to the number of absorbed photons.
a b

‘ 0 O O CH, CH, CH,
CO SOl O | COO = CEC
O O CHs CH; CH;

(i) (ii) (iii)

Figure 3-7. (a) Molecular structure (i) phenalenone, (ii) rubrene, (iii) 9,10-dimethyl anthracene. (b)
Proposed chemical reaction between 9,10-dimethyl anthracene and singlet oxygen.
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3.3.21 Chemical Method

Probe molecule, i.e., 9,10-dimethylanthracene (dma) and rubrene (rubrene)-are optically active
molecules with an excess of delocalized n-bonds inside their structure that allow transition nt* and nr*.
The transition is optically active, involving electronic transition from the ground state to the excited state.
Thus, the delocalization electron is also a weak point of the molecule because it absorbs reactive species
and reacts to saturate the bonding. Since the singlet oxygen molecule is a reactive species, it reacts
simultaneously with a delocalized electron to form endoperoxide, and after the reaction, the molecule is no
longer active optically. The reaction works correctly as one oxygen molecule depletes one probe molecule.
Generating single singlet oxygen will shut down one probe molecule. In chemical kinetics, the reaction can

be represented as per Equation 3.9.

dl'o d[dma — 0,]
[dt 2] = k102[ 102] = Tz = kdma—02 [dma — 0,] 3.9)
1
Where % is the formation rate of (*Oy), k,o,the rate constant of (*Oy), W is the

disappearance rate of the dma probe and kpy4-0, is rate constant of the disappearance of dma. By taking
the disappearance rate of dma at various sensitizers, singlet oxygen quantum yields of the sample could be
determined using Equation 3.10.

X R )

k
DX = CI)R— abs
4 4 kR (Ic)z(bs)

Where &% is singlet oxygen quantum yield of an unknown sample, ®R is singlet oxygen

(3.10)

quantum vyield a reference phenalenone molecule (phen), k* is the rate constant of disappearance
dma/rubrene molecule mixed with the sample, k¥ is the rate constant of disappearance dma/rubrene
molecule mixed with reference phenalenone (phen), (I%,.) and (I%,,) is the number of absorbed photons
reference and for the sample. The representative molecular structure and the working mechanism is
displayed in Figure 3-7.

A given concentration of the sample and dma/rubrene (2.5ml in 1 cm fluorescence cuvette) was
illuminated with A: 300nm, A: 405nm, and A: 450nm (LED from Thorlabs®) for 60 minutes inside the home
build illumination box. The sample was then placed in the UV-vis-NIR spectrometer to take the spectra,
and baseline was taken for non-illuminated samples. The illumination and measurement were done
continuously for 60 minutes illumination. A similar procedure was done for reference phenalenone (phen).
The schematic for the illumination box and emission profile of the LED and laser is illustrated in Figure
3-8.
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Figure 3-8. (a) Schematic of home-build illumination box, (b) emission profiles of LEDs and lasers
used for excitations

3.3.2.2  Phosphorescent method

The samples (2.5 ml) dispersed in cyclohexane were placed in a quartz cuvette (Starna) with a
path length of 1 cm and were irradiated with 405 nm diode lasers (75 mW, DL-7146-1012S, Roithner Laser
Techniqgue GmbH) or with a narrow-linewidth Ti: Sa laser (45 mW, SolsTiS, EMM-532, M-Squared
Lasers) for the 317.5 nm excitations. The PL of 'O, was measured with irradiance calibrated NIR
spectrometer (NIRQuest 512-1.7 Ocean Optics) operating in a 900 — 1,700 nm range. The integration time
of 100 seconds was used for the collection of the 1O, phosphorescence spectra. The quantum yield of singlet
10, generation (da) was calculated in agreement with Equation 3.11 using the phen as quantum yield
standard.

[S&n] [Igs]
[S&n] [13hs]

Where &} and ®R are singlet oxygen quantum yields of the sample and the reference,

ox = dR (3.11)

respectively. [S%,,] and [SE,,] are the integrated area of O, PL generated by the sample and the reference,

while [I%,,] and [IR,] are the number of absorbed photons by the sample and the reference. In the case of

the excitation with monochromatic light, absorption (% of absorbed light [A%,] and [Aéz] at the excitation

wavelength) of the sample and the reference can be used instead of [IZ%,,] and [Iffbs].

The reported value of ®% for phen in cyclohexane is 92 + 0.5 % [287]. The concentrations of
two sets of phen, dye-p1, dye-p2, (C6)-(p1)-SiNCs, and (C6)-(p2)-SiNCs solutions were adjusted to have

roughly similar absorbance at 405 nm and 317.5 nm.

3.3.3 Temperature-dependent photoluminescence measurements

Dye molecules are dispersed in cyclohexane and placed in a quartz cuvette with a path length of

2 mm and purged with argon gas for 30 minutes. Subsequently, the cuvette was clamped to the cryostat
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sample holder (Cryospares A7-103) and placed inside the sample chamber of the closed cycle cryostat
(Oxford Instruments, Optistat Dry TLEX). After evacuating the sample chamber to ~10-5hPa, the chamber
was flooded with helium (purity >99.999 mol %) to improve thermal coupling between the sample and the
heat exchanger of the cryostat. PL emission spectra were measured at 20K for both dye-1 and dye-2
samples. For the excitation, a mode-locked ytterbium laser (Light Conversion, Pharos) with a pulse width
of 190 fs and a repetition rate of 20 kHz was used. The laser's 1028 nm output was converted to 440 nm
using an optical parametric amplifier (Light Conversion, Orpheus) and second harmonic generator (Light
Conversion, Lyra). The steady-state photoluminescence spectra were recorded by a fibre-coupled UV/VIS

spectrometer (Avantes, AvaSpec-2048L).
3.3.4 Uncertainty of singlet oxygen quantum yield

The uncertainty of A®a comprised the uncertainties from the following experimental
steps:

A®R = 0.5 % from the value of SO quantum yield of the reference PS

Possible photobleaching of the reference PS (AS = 12 %)

UV/Vis measurements (AUV /Vis = 0.1%)

Luminescence detection (ADet = from 1% for strong luminescence up to 19 % for weak
luminescence)

Thus, A®, was calculated using Equation 3.12.

AD, = J [A®R]2 + [AS]2 + [AUV/Vis]? + [ADet]? (3.12)

The results of the calculations are presented in Table 2 and Table 3 in Chapter 6.
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4 Linear alkyl functionalized SiNCs

Some of the results present in Chapter 4 were published in Beri et al. [85]. The author did all the syntheses
and performed all the characterization experiments in this chapter. Except for PL-lifetime measurements
were performed by author and co-author Dr. Dmitry Busko, and TEM measurements were performed by
co-author Dr. Andrey Mazilkin from the Institute of Nanotechnology (INT), KIT. The original idea was
brainstormed with co-authors Prof. Bryce S. Richards, Dr. Andrey Turshatov, and Dr. lan A. Howard. The
main goal of this chapter was to study the photophysical properties and stability of alkyl functionalized
SiNCs. To achieve this goal, the reduction of silicon monoxide at various heating temperatures were studied
to produce various particle sizes of SINCs. Then various etching techniques were also studied to obtain the
desired particle size of hydrogen-SiNCs. Furthermore, hydrosilylation techniques were studied for various
alkyl chain lengths to obtain alkyl-SiNCs whose surface area was optimally covered and producing
maximum PLQY and high stability.

4.1  Synthesis of hydrogen-terminated SiNCs

As a preliminary study, the formation of SiNCs during the annealing process of silicon monoxide
is monitored by employing two reciprocal techniques: FTIR and XRD. The results are shown in Figure 4-1,

unveiling the insidious phase transformation of silicon monoxide at the different annealing temperatures.
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Figure 4-1. (a) FTIR spectroscopy of silicon monoxide at different annealing temperatures in Ha/Ar
atmosphere, (T1, T2, T3, T4, T5, and T6 are attributed for thermal annealing at 900,
1,000; 1,100; 1,200; 1,300; and 1,400°C, respectively) (b) XRD spectra of silicon monoxide
(black), annealed silicon monoxide (red), HF-etched silicon monoxide (blue) and hexyl
(C6) functionalized SiNCs (green).

As annealing temperature increases from 900-1,400°C, changes in the stretching and bending
modes of Si-O become more and more apparent, see Figure 4-1a [197, 288]. There are two recognizable
absorption bands of a Si-O chemical bond: at 1,000 cm™ attributing to stretching vibration mode, and at
760 cm'* attributing to bending vibration mode. The shifting of resonance frequency at 1,000 cm* and 760

cm™ manifests the decomposition process of amorphous silicon monoxide to crystalline Si-nano size
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nucleates, according to SiO—> SiO + Si chemical equation [289-291]. Moreover, the evolution of vibration
amplitude at 760 cm, implying the decrease of damping in the vibration spectra, conveys a piece of new
information. This resonance frequency is attributed to the vibration mode of the Si-O bond of atoms
constituting the surface of SiNCs [225]. Herein, the shift at 1,000 cm™ is attributed to the boundary state of

phase separation of SiNCs from the SiO, matrix.

As seen in Figure 4-1b, XRD of pristine precursor SiO shows no-signature of Si crystalline
structure (leads to SiNCs). The wideband intensity at 26 = 10° - 40° is attributed to the amorphous phase
of the SiO. Annealed SiO at 900°C for 60 minutes shows the formation of nanocrystalline Si, due to the
observation of peaks in the XRD at 20=28°, 48°, and 56°, which correspond to diamond cubic silicon.
However, the remaining wideband background at 26 =10-40° stands because the amorphous phase of SiO
still exists at this annealing temperature. It also obtained that etched and alkyl functionalized samples no-
longer have a broad background peak (amorphous phase), which is assumed to be diluted during the etching
process. Hence, this amorphous phase is proposed belongs to the amorphous silica matrix, and it functions

as a binder for nanocrystals [72].

4.2  Etching with HF (48% v/v), NH4F, and KOH

To study the effectivity of HF etching, series of experiments are carried out to achieve the
optimal duration of HF etching process. The optimal duration of the HF etching process is determined
through the maximum photophysical property revealing in the samples' PLQY measurement. The
experiments had been repeated at least three times to get more precise statistics. The samples are collected
from the same etching batch using a 5 ml syringe every 15, 30, 60, 90, 120, 150, and 180 minutes,
respectively, followed by adding 5 ml decene-1. After fractionation (described in Chapter3) it is transferred
to a G10 microwave (MW) reactor vial and functionalized in the MW reactor for 20 minutes at 250°C. The
PLQY of each sample is collected for the batch, and the results are presented in Figure 4-2a. Quite
surprisingly, after 15 minutes of etching, SiNCs have formed by a considerable amount inside the sample
as demonstrated by the appearance of PL peaks at 950 nm. The longer the etching duration is, the higher
the PL peak intensity, and the more pronounced the PL peak blue-shifts (see Figure 4-2b). This

phenomenon might be related to the decrease in the size of SiNCs.

Nonetheless, the increase in PLQY has no longer been obtained for the sample undergoing the
etching process for more than 150 min. One of the rational explanations for this observation is that the
absorbance enhancement might cause this. One can also answer this phenomenon based on the
enhancement in the absorbance cross-section of a nano object, which possesses a higher surface area due
to its small size of SiNCs in this case.

To compare the HF etching with other etching substances, a reaction with NH4F was performed
in 150 minutes of etching time (maximum point for HF). The sample undergoing the NH4F etching process

in 150 minutes exhibit PLQY = ~25%. This yield is in good agreement with the uncertainty range of HF
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etching in a similar etching period (see Figure 4-2a). Nevertheless, the absorption and emission spectra for
(C10)-SiNCs using NH4F etching are precisely similar to (C10)-SiNCs using HF etching (Figure 4-3a)
[269].
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Figure 4-2. (a) Optimization of etching time with HF (o) and NH4F () of free-standing (C10)-SiNCs;
functionalized in MW reactor for 20 minutes at 250 °C; PLQY was measured using LED
excitation at 375 nm. Error bars were derived from the uncertainty of the three-times
repeated etching process. (b) PL-emission's blue shift for free-standing (C10)-SiNCs
functionalized in MW reactor for 20 minutes at 250°C

Experiment with base-solution etching is performed to study etching chemistry. Strong base
solution (e.g., NaOH and KOH) have an ability to react with silica. In this experiment solution of KOH and
MeOH was used as etching solution. The mixture of KOH/MeOH and annealed SiO exhibits a blue
emission at ~440 nm when it was excited by a 350 nm xenon lamp in a Cary Eclipse fluorimeter (Figure
4-3c). Moreover, its absorption spectra are identical to the one of typical porous silicon. A meticulous
examination of the absorption spectra reveals a signature of the indirect transition in the absorption of
electrons under the excitation. Also, its PL-emission spectra are comprised of one of the saturated oxides,

and hydroxide functionalized SiNCs, reported elsewhere [292].

Since MeOH/KOH also emits light in the same spectrum range, quantitative estimating this
emission's contribution to the sample's total emission spectrum is worth doing. As a reference, the reaction
carried out just using MeOH/KOH and without adding annealed SiO. The emission spectra of such a sample
are collected afterwards. Excitation and PL-emission spectra for MeOH/KOH mixture present as a mirror
image of each other where the peak of PLE is at ~275 nm (maximum) and the PL-emission is at ~330 nm
(maximum) (Figure 4-3b). The PLE and PL-Emission spectrum coincide at 300nm creating internal
absorption. The spectra look very similar to typical organic chromophore spectra and slightly different from
the sample containing annealed and etched SiO in the mixture of MeOH/KOH [272]. However, this result

was abandoned because there was no-option for further functionalized oxide functionalized SiNCs.
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After optimizing the MW reactor's hydrosilylation reaction, the experiments are also performed
to many possible functionalized ligands, and one of the possible ligands is ethylene glycol. The goal is to
prepare crown-alike SINCs’ surface by reacting H- SiNCs with ethylene glycol. This crown-alike SiNCs’
surface was expected to have a higher solubility in water and at the same time, maintaining its PLQY. It
also targets biomedical applications related to water-soluble SiNCs. This research direction is appealing
due to the lack of publications on literature about water-soluble ligand functionalized SiNCs that emit in
600-1,000 nm emission. It has been proved that the reaction between SiO and ethylene glycol could be
performed using MW hydrosilylation reaction. Indeed, the SiO reacted adequately with ethylene glycol and
created a bright yellow viscous solution and also soluble in water. The solution shows a bright blue emission
peak at 440nm, under 405 nm excitation. This emission was a good match with the emission of KOH
etching SiNCs.

The physicochemical properties of KOH-etched SiNCs are the same as EG-SINCs. It has
emission at 440 nm, is soluble in water to form a slightly yellow solution, and insoluble in organic solvents
(Figure 4-3d). From our critical literature review, this blue emission of SINCs may come from the oxide
defect functionalization [293-299].
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Figure 4-3. (a) Absorbance and PL-emission spectra of (C10)-SiNCs functionalized in MW reactor
for 20 minutes at 250 °C (etched in NH4F solution). (b) Absorbance and PL-emission
spectra of the MeOH/KOH mixture without SiNCs. (c) Absorbance and PL-emission
spectra of annealed SiO (etched in KOH/MeOH solution). (d) Absorbance and PL-
emission spectra of ethylene glycol functionalized SiNCs. PL-emission spectrum for (a)
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was taken at 375 nm LED excitation, whereas (b) (c), and (d) were taken at 350 nm
excitation using a build-in xenon lamp inside the Cary Eclipse spectrofluorometer. All
absorbance spectra were normalized at 275 nm and 300 nm to highlight the maximum
peak position.

Although the blue emission's origin could deserve future punctilious research, our experiences
stated that the emission remains constant at ~450 nm and is not prone to size tuning. In my opinion, one of
the milestones of such a study should be the synthesizing of the crown-like hemisphere (glycolate bidentate

ligands) surrounding SiNCs. However, in our project, this molecule has not been considered yet [300-303].

4.3  Conventional thermal hydrosilylation (CTH)

PLQY of the sample containing decyl functionalized SiNCs ((C10)-SiNCs) can be further
enhanced up to ~26% after fractionation with centrifugation (briefly described in 4.2). As being shown, the
PLQY before fractionation (batch) is ~5% but gradually increases thanks to precipitation with
centrifugation (batch PLQY is in agreement with Mastronardi et al. [83]). Systematic precipitations were
done, and optical properties of ensembles were determined using a Cary Eclipse spectrofluorometer.
Despite the limitation of the PMT detector, its sensitivity drops sharply after 850nm; however, our
measurements are still able to monitor emission shift when particle size gradually changes from ~10.0 nm
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Figure 4-4. (a) Emission profile of fractionated (C10)-SiNCs samples precipitated using

centrifugation. (b) Gradual decrement of particle size of (C10)-SiNCs due to fractionation
monitored by DLS.
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Figure 4-5. Particle size (o) and PLQY values (#) as a function of fractionation by centrifugation of
free-standing (C10)-SiNCs dispersion. PLQY values were measured using the
comparative method described in section 3.1.9.

As seen in Figure 4-4a, the emission profile is cut-off somewhere at 850 nm. Therefore, for
sample F6 and F7, the spectrum is cut off almost by a half, so it is impossible to retrieve information about
this fraction. PL spectra of sample F1-F5 are also undetectable because the maximum peak is located at
above 1,000 nm. Moreover, the emission tail below 850nm is too weak and wholly buried in the instrument's
noise floor. In conjunction with PL emission data, DLS data presents the reduction of the particle size due
to precipitation (Figure 4-4b). Two data sets were plotted in the same graph to identify the correlation
between the number of precipitation and particle size reduction. The curves in Figure 4-5 demonstrated the
effect of size reduction on the PLQY value. Herein, the measurements were conducted using the
comparative method, and zinc-phthalocyanine (Zn-Pc) was used as standard with the reported PLQY value
of ~23% in tetrahydrofuran (THF) [304]. Overall, the curve of PLQY data increases when fractionation
increases (particle size decrease). After passing the maximum point ~26%, PLQY goes down. This pyramid
trend is previously observed by [89, 92, 93, 305, 306]. PLQY measurement using this method has some
weaknesses; (i) the sample's emission is not fully calibrated if the wavelength goes above 620 nm. The
instrument issue causes this. Although the instrument is recording the spectra above 620nm, the spectra's
wavelength is no longer calibrated. It is obtained that the spectra's exact location was blue-shifting about
7-20 nm from the spectra recorded using the lab-sphere-integrating-sphere. This mismatching may cause a
slight decrease in the accuracy of the method. (ii) As mentioned above, the PMT sensitivity reduces rapidly
in the spectrum range above 850 nm. So, it makes PLQY could be determined until 850 nm only, whereas
PL-emission of these SiNCs could go above 1000 nm. It is the case for samples having an average diameter
is ~8 t020 nm, e.g., fraction F1-F5. (iii) PL spectrum of the standard Zn-Pc used in this experiment is
collected at 675 nm while the excitation is at 610 nm. In our measurement, the sample was excited at
350 nm, and the PL-emission band was located at 675 nm. Roughly, at 350 nm, ZnPc absorbs only ~10%
of light as compared with 610 nm. The estimated error was suspected because using 350nm absorbance in
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the gradient calculations is also higher than the one using 610nm absorbance. The estimated error will also
be much higher when the PL spectra of SiNCs were estimated using this method. The main reason is that
the emission peak of these SiNCs varies from 600-1,200 nm [304, 307]. Therefore, due to doubts in the
accuracy, the comparative method was no longer being used in our measurements for future work. Finally,
further discussion on the conventional thermal hydrosilylation (CTH) method will not be held. For the rest
of this thesis, microwave-assisted hydrosilylation (MWH) will be used as a hydrosilylation method.

4.4  Microwave-assisted hydrosilylation (MWH)

The CTH method was practically considered a time-consuming hydrosilylation process, lasting
around 14-20 hours of hydrosilylation time [235]. In recent work, the critical impacts of organic ligands
were investigated on the luminescent properties of the SiNCs. In literature, SINCs functionalized with
organic ligands gave a strong emission over a broadband of electromagnetic radiation, from 630 nm to
1,200 nm. Moreover, its optical properties can be tailored in a very well controlled manner using particle
size tuning [87]. There were some sporadic PLQY values on dodecyl (C12), decyl (C10), and octyl (C8)
functionalized SiNCs (see Figure 2-9). The highest record of PLQY value was ~60% on (C12)-SiNCs
[108], while for (C10)-SiNCs it was ~20%, and finally, for (C8)-SiNCs it was 30%[127]. Therefore, the
dependence of PLQY of SiNCs on the length of alkyl as ligands aims to shed more light on this research.
Linear alkyl such as (allyl, methyl)-ether (C3), pentene-1 (C5), hexene-1(C6), octene-1(C8), decene-
1(C10), dodecene-1(C12), tetradecene-1(C14), and hexadecene-1(C16) were the materials of choice. In
fact, during the hydrosilylation reaction, the competitor, such as oxygen, might react differently and lead
to the difference in PLQY and stability of the products. Each reaction was carried out with 4 or 5 repetitions
with the same experimental conditions to ensure genuinely reliable results. Even for samples with very high
PLQY (e.g., (C6)-SiNCs), the experiments were carried out up to seven times. All of these were done to
produce reliable and convincing results. Overall, 8 alkyl chains that must be paired with SiNCs, the total
number of reaction needs was at least 32 times (4x8). If only the reactions were tailored using CTH, the
amount of time for hydrosilylation was a minimum of ~580 hours in total, plus the annealing process (32
days) and purification works (32 days). So it will take roughly more than 12 months. Therefore, the
hydrosilylation reaction in CTH was assumed time-consuming. The MW reactor was employed for the
hydrosilylation process instead of using CTH to accelerate the hydrosilylation process. Using MWH, the
reaction time was considerably shortened from 14-20 hours down to a couple of minutes. In our
optimization process, functionalization with decene-1 to form (C10)-SiNCs lasts for only 20 minutes at
250°C, and the PLQY of this sample was ~30%. This PLQY was for batch solutions, and whereas
functionalization with hexene-1 to form (C6)-SiNCs proceeded in 20 minutes at 230°C and yielded a
sample whose PLQY was ~35%. The functionalization reaction and the luminescent (PLQY) of alkyl

functionalized SiNCs versus the reaction time were presented in Figure 4-6.
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Figure 4-6. (a) The emission of (C6)-SiNCs functionalized using MW-assisted hydrosilylation
illuminated by a 405 nm laser pointer. (b) Optimization hydrosilylation reaction of SINCs
with pentene-1 (#), hexene-1 (o), decene-1 (A), and allyl methyl ether (»). Reaction with
pentene-1 (C5) was carried out with a mixture of pentene-1/p-xylene (2:1), as well as
reaction with hexene-1 at 250 °C [85].

Figure 4-6a depicted the emission of (C6)-SiNCs functionalized using MWH reaction under the
405 nm laser pointer's illumination. The intense red emission can even be observed by the naked eye
because the emission tail expands from ~600-1000 nm. Figure 4-6b depicted the optimization process to
determine the best reaction condition in MWH. All the reactions were performed in a similar duration (20
minutes) with slightly modified procedures. A known quantity of p-xylene was added to the solution to
reduce the vapour pressure. The addition process was introduced to observe PLQY value when the reaction

was conducted at higher temperatures.

(i) For pentene-1, the reaction above 180°C cannot be carried out because at this temperature, the
reaction pressure was too high (~28 bar), while the limited pressure the MW-reactor could safely handle
was around 30 bar. To overcome the issue, p-xylene was added for the reaction above 180°C to reduce the
pressure. As demonstrated in Figure 4-6b, the PLQY value was slightly reduced from ~31 % to ~30 % after
p-xylene addition at 200°C. Afterward, PLQY bounced back to ~31 % at ~225°C before it went down to
~28 % at 250°C. The reaction could not be performed at any further higher temperature because, at 250°C,
the MW chamber pressure had reached ~30 bar.

(ii) For hexene-1, the PLQY value was increased gradually from ~30% at reaction temperature 145°C
to ~38% at reaction temperature 230°C. The reaction cannot be performed at any further higher temperature
because, at 230°C, the reaction pressure reached 29 bar. Similarly, p-xylene was added to reduce the
solution’s vapour pressure and carried out the reaction at 250°C. However, p-xylene’s addition deteriorated
PLQY value, as previously demonstrated in pentene-1 observation. After addition, PLQY value went down
approximately 3% from ~38% to ~34-35%. The reaction could not be performed at a temperature higher
than 250°C because the pressure at this point reached ~30 bar.

(iii) For decene-1, PLQY value was increased sharply from ~15% at reaction temperature 160°C to

~29-30% at reaction temperature 250°C. The reaction cannot be performed at any further higher
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temperature because, at 250°C, the reaction pressure reached ~30 bar. Similarly, p-xylene was added to
reduce the vapour pressure and carried out reactions at 260°C and 275°C. The observation shows similar
trends after p-xylene addition; PLQY values went down from 29-30% at reaction temperature 250°C to
~25% at reaction temperature 260°C and ~20% at reaction temperature 275°C. The reaction could not be
performed at any further higher temperature because the pressure reached maximum MW-reactor could
handle.

(iv) Herein PLQY from allyl-methyl ether was presented to show that 41% value was acquired from
reaction conducted with allyl-methyl ether/p-xylene mixture at 250°C. This reaction condition was chosen
based on the maximum PLQY value from decene-1. Optimization could not be performed for p-xylene

because the available quantity was limited, and it was not enough to perform multiple reactions.

Thus, p-xylene can be added to reduce the reactant's vapour pressure so that the hydrosilylation reaction
could be performed at higher temperatures. However, the downside of adding p-xylene was PLQY value

of the products was reduced.

The highest PLQY value of ~41% was observed for capping with the shortest ligand — (allyl,
methyl) ether or (C3)-SiNCs. Notably, the reported PLQY in this chapter were determined for the batch
solution. To my knowledge, the reported PLQY of (C10)-SiNCs for batch solutions synthesized in CTH
from Ozin’s group was 5%[275]. The error bar of PLQY values was derived at least seven times for (C6)-
SiNCs, five times for (C8) -SiNCs, (C10)-SiNCs, (C12)-SiNCs, (C14)-SiNCs, (C16) -SiNCs, four times
for (C5)-SiNCs, and three times for allyl, methyl ether (C3)-SiNCs were performed (Figure 4-7). The
overall trend indicates that the longer the ligand is, the lower the PLQY value can be achieved. One also
can see the lowest PLQY of ~18% was obtained for hexadecene-1. Our first hypothesis was that the partial
surface oxidation of the Si-NCs is responsible for decreasing the PLQY in ligands with longer carbon

chains.
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Figure 4-7. PLQY as a function of carbon atom in the ligand. Carbon atoms represent a linear
aliphatic chain capping the surface of SiNCs. Error bars represent the uncertainty of
synthesis for every batch of SiNCs, and every corresponding alkyl was synthesized at least
seven times for hexene-1 (C6), five times for octene-1 (C8), decene-1 (C10), dodecene-1
(C12), tetradecene-1 (C12), hexadecane-1 (C16), four times for pentene-1(C5), and three
times for allyl, methyl ether (C3) [85].
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4.5 Size distributions

Figure 4-8 depicted the PL-spectra of the synthesized SiNCs. Under ultraviolet (UV-LED, 375
nm) excitation, all nanocrystals demonstrate a strong emission at 600-1,000nm of the electromagnetic
spectrum. The effective mass approximation (EMA) model in Equation 2.2. gave particle size prediction

of ~4 nm to ~5 nm based on PL-energy calculation.
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Figure 4-8. (a) Normalized fluorescent spectra of Si-NCs with different capping ligands (C=5, 6, 8,
10, 12, 14, and 16 represent pentyl, hexyl, octyl, decyl, dodecyl, tetradecyl, and hexadecyl
functionalized SiNCs, respectively). Samples were excited with LED 375nm (b) Position
of luminescence maximum as a function of the full width at half maximum (FWHM)
derived for (m) (C5) Si-NCs, (e) (C6) Si-NCs, (A) (C8) Si-NCs, (V) (C10) Si-NCs, (<€)
(C12) Si-NCs, (») (C14) Si-NCs, (#) (C16) Si-NCs luminescence peaks.

Also, redshift was observed in the position of PL- maximum (PL-max = 850-905 nm) for all
ligands, as shown in Figure 4-8a (it should be noted that the local minimum at 920 nm can be explained by
the absorption of the solvent associated with the overtone of C—H stretching vibration). At the same time,
the polydispersity of the SiNCs fractions can explain the shift. A broad sized distribution results in the
redshift in a position of an emission maximum compared to the theoretical prediction for monodisperse Si-
NCs, as it has been recently described by Yu et al. [73]. Furthermore, the apparent correlation was observed
between the FWHM of the emission peak and the position of PL-maximum (Figure 4-8b). The broader
emission peaks, with the more red-shifted peaks, are observed.
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Figure 4-9. (a) HRTEM image of free standing C10-SiNCs. (c) Electron diffraction data for
freestanding C10-SiNCs [85]

The XRD pattern for (C6)-SiNCs shows that most of the amorphous matrix was successfully
removed during the etching process. As presented in Figure 4-1, the amorphous phase's broadband at 14-
26° completely vanished after etching to form crystalline H-SiNCs. The crystalline peak at 28°, 47.8°, 56°,
69°, and 77° corresponds to diamond cubic phase silicon (JCPDS no. 027-1402) [72, 84, 85, 308]. The
electron diffraction pattern shows the bright stars, which represent crystalline silicon in the lattice plane
(see Figure 4-9). The Miller indices, which correspond to the peaks, were (111), (220), (311), (400), and
(331), respectively. By using the Scherrer equation, it was estimated that the particle size of the

nanocrystallite in the matrix based on the peak broadening (Equation 4.14).

_ KA
" BcosH

(4.13)

Where D was approximated size diameter, K was a constant, which depends on the particle's
shape. It assumed that the particle was spherical and attributed the value to 0.9B, its full-width-half-
maximum peaks at 28°. The crystallite size was 3.8-4.0 nm (closed to the predicted value using PL-energy).
The average size of Si-NCs realized in this work was ~4.6 £ 0.3 nm (sum of six independent etching
processes), as deduced from transmission electron microscopy (TEM) images (Figure 4-10). High-
resolution transmission electron microscopy (HRTEM) (Figure 4-9) confirmed the crystal structure of Si-
NCs with an interplanar distance of 0.32 nm (0.28 nm) corresponding to the distance (111) in c-Si.
Importantly, TEM results indicate that the average size of the Si-NCs core remains the same after surface

passivation with all investigated ligands (Figure 4-11).
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Figure 4-10. TEM images and particle distribution of free-standing SiNCs functionalized with (a)
hexene-1, (b) octene-1, (c) decene-1, (d) dodecene-1, (e) teteradecene-1 and (f) hexadecene-
1[85].

In contrast, the results of DLS measurements (Figure 4-11a) indicated an increase of the
hydrodynamic diameter in surface passivation with dodecene-1 and longer hydrocarbons. Previously, Yang
etal. [309] reported a polymer corona formation around the Si-NCs core during the hydrosilylation process.
They found that oxygen, high ligand concentration, and increased temperature were promoted chain
propagation in oligomerization reactions and led to an organic corona formation. In our experiment, the
nanocrystals' size and hydrodynamic diameter were consistent in the case of capping with relatively short
ligands, e.g., hexene-1, octene-1, and decene-1. In contrast, the use of the long ligands (with C > 12) leads
to the growth of a thick organic shell surrounding the silicon core and a discrepancy between the particle
size measured by TEM (seeing only the Si-NCs core) and DLS (seeing the Si-NCs core plus organic
corona), see Figure 4-11b.
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Figure 4-11. (a) The average diameter of Si-NCs estimated with TEM (m) and DLS (e) as a function
of the number of carbon atoms in the linear aliphatic chain of the capping ligand (C). (b)
Cartoon picture to illustrate the formation of multiple layers (corona) on the surface of
alkyl functionalized SiNCs [85].

4.6  Oxidation reaction and reducing the oxygen content

As mentioned in the previous section, the position of PL-maximum was redshifted gradually
from 850 nm to 905 nm when the alkyl chain as a ligand was substituted from C6 to C16 (see Figure 4-8).
The shift was suspected from the side reaction between SiNCs and oxygen. Oxygen could be the biggest
competitor since the reaction was conducted at ambient room condition, and the MW chamber was not
vacuum sealed. The effort to reduce oxygen content before the reaction was performed by purging the
sample with argon for 30 minutes before performing the reaction. However, in the other experiments,
purging with argon for periods of time was not enough to eradicate oxygen. To study the oxidation rate of
SiNCs, FTIR measurement was performed on the samples. Figure 4-12a depicted the selected region of the
FTIR spectra measured for Si-NCs capped with different ligands. The peak at 800 cm™ is attributed to Si—
C (stretching) Vibration, whereas the broadband at 960-1140 cm™ is attributed to Si—O (stretching) Vibration. The
Si—C (stretching) Vibration can overlap with Si—O (pending) peak (observed at 797-830 cm™). However, the Si—
O(bending) peak has a much low intensity typically than Si—Cstretching) @and, thus, has a minor impact in further
calculations [232]. The absence of a characteristic peak at 900 cm™ indicated almost complete substitution
of Si—-H bonds due to oxidation and hydrosilylation. It was expected that Equation (4.14) could provide
qualitative information about surface oxidation of Si-NCs or R-value. The results were normalized in a way
that the integral Ay(s;—cy equivalent to 1, so the value of the integral Az(s;—o) reflected relative amount of
oxidation occurring at the Si-NCs surface. The large A s;— oy Was the stronger oxidation and occurs at the
surface.

1140cm™1 _ _
Aﬁ(Si—O) _ f960cm—1 V(1140-960cm™1) dv

Arci~  (830cm™1 _ _
v(Si=0) f760cm_1 U(g30-760cm=1) AV

R = (4.14)
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There was a tiny increase in A,(Si—O) with an increase in the hydrocarbon chain length. Thus,
surface oxidation was not a critical phenomenon responsible for the PLQY decreased. Surprisingly,
washing the Si-NCs several times with hexane did not eliminate dodecene-1, tetradecene-1, and
hexadecene-1 from Si-NCs. FTIR spectrums of Si-NCs capped with the long-chain ligands displayed
additional peaks corresponding to the -C=C- and =C—H bonds. The FTIR spectrums (Figure 4-12a) also
displayed a band at 1259 cm™ that could be attributed to longitudinal phonons relating to Si—-O-Si bond
with the deformed bond angle ~142°. This peak was well separated from the other Si—O-Si peak at 960
1140 cm™, and its intensity did not change for different capping ligands. Though the existence of such a
preferential configuration of Si-O-Si bond was unclear, it was assumed that this peak represented oxidation
sites of the Si-NCs surface originating from the nature of SiO, material because a similar peak was not

observed in Si-NCs prepared from silsesquioxanes[102, 195, 220, 310].
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Figure 4-12. (a) Attenuated total reflectance infrared (ATR-FTIR) spectrum of Si-NCs with different
capping ligands. (b) PL-emission of Si-NCs functionalized with hexene-1 (blue) and
hexadecene-1 (red) dispersed in hexene-1 and hexadecene-1, correspondingly. NIR
absorption (absorbance, norm) of hexene-1 (blue) and hexadecene-1 (red) [85].

An alternative explanation for the changes in PLQY/, with the length of the capping ligands, can
be proposed using the work of Aharoni et al. [311]. They described long-range electronic-to-vibrational
energy transfer from excited QDs to matrix vibrational overtones. Figure 4-12b depicted emission
spectrums of Si-NCs capped with hexene-1 and hexadecene-1 and absorption spectrums of solvents
(hexene-1 and hexadecene-1). The alkenes' absorption spectrums (similar for all investigated alkenes)
demonstrated C—H vibrational overtones with the absorption maximums peaking at 923-930 nm that
perfectly match emission spectrums of Si-NCs. The matching was better for Si-NCs with long capping
ligands. Experiments with a-lipoic acid show no-effect on the further addition of a-lipoic acid to the
photophysical properties of alkyl-SiNCs. PL-emission demonstrates a similar peak maximum compared
with non-lipoic addition, and PLQY value is in the range of error bar (~30%) of (C6)-SiNCs (Figure 4-13).
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Figure 4-13. The PL-emission intensity of free-standing (C6)-SiNCs after reaction with a-lipoic acid
addition, resulting in PLQY is ~31% (grey) and free-standing (C6)-SiNCs without a-lipoic
acid addition, the resulting PLQY is ~33 % (black).

Thus, both solvent and capping ligands (forming the polymer corona) can act as an efficient
quencher of excited Si-NCs. Indeed, Figure 4-14a displays a decrease of the radiative lifetime in range C =
6 — C =16 from 156 us to 125 ps as presented in Figure 4-14b. The decrease of the lifetime signalizes an

increase of non-radiative deactivation and is in good agreement with the observed decrease of PLQY.
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Figure 4-14. (a) Position of luminescence maximum as the full width function at half maximum
(FWHM) derived for the Si-NCs luminescence peaks. (b) Plot Ay, (Si—O) (m)and
luminescence lifetime (e) as function of carbon atoms in the capping ligand [85].

The presence of oxidized surface sites related to Si—-O-Si bonds (from FTIR data) can also reduce
the PLQY of SiNCs. It is observed that oxidation independently from used alkenes and methods of
deoxygenation to prevent the oxidation. These types of surface defects limit the highest achievable PLQY
to 39% — or an average value of ~34% calculated from six independent syntheses — achievable by the

method used in the current work.
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4.7

To complete the characterization of the Si-NCs, the shelf life of the synthesized materials were
investigated systematically. Figure 4-15 displays the PLQY values taken for six months. Significant
altering of photoluminescence emission was not observed after six months of storage in dark ambient
conditions (PLQY/PLQY/ > 0.9). The samples stored in a glovebox display PLQY comparable with PLQY
of samples stored under ambient conditions. FTIR spectrums of samples stored in a glovebox also indicate

a constant ratio between Si—C, and Si—O bonds. These experimental observations confirm the high stability

Photophysical stability

of Si-NCs functionalized via microwave-assisted hydrosilylation (MWH).

Figure 4-15. PLQY of Si-NCs stored in ambient as function shelf-life time for Si-NCs with different
capping ligands. The symbols representing (m) for (C16)-SiNCs, (e) for (C14)-SiNCs,
(<), for (C12)-SiNCs, () for (C10)-SiNCs, (A) for (C8)-SiNCs, and (V) for (C6)-SiNCs,

respectively.

70

PLQY/PLQY,

1

o S -
L X ™ had o SRl
e a1
L e S e n e SRR >
:-—&-_5:-.:.:}.-.—;-,.*,____?__ ________ 4
= T
B ey T WY - ¥
T T T T T T T T //_T—
0 5 10 15 20 25 30 35 180

Storage time (days)



5 Dye functionalized SiNCs

Some of the results present in Chapter 5 were published in Beri et al. [236]. The author did all the syntheses
and performed all the characterization experiments in this chapter. Except for PL-lifetime measurements
were performed by author and co-authors, Dr. Dmitry Busko and Marius Jakoby, whereas TEM
measurements were performed by Dr. Andrey Mazilkin from the Institute of Nanotechnology (INT), KIT.
The original idea was brainstormed with co-authors Dr. Andrey Turshatov and Prof. Bryce S. Richards.
This chapter's main goal was to study the functionalization reaction and photophysical properties of dye
functionalized SiNCs. To achieve this goal, the functionalization reaction of H-SiNCs with perylene and
BODIPY were performed in the MW-reactor. The characterization of resulting dyes functionalized SiNCs
was studied by FTIR, UV-Vis-NIR spectroscopy, PL-excitation, PL-emissions, and PL-lifetimes. Conjugate
dye and SiNCs were expected to have higher PL-emission due to extra absorption from dye molecules. The
details about efficient energy transfer from dye molecules to SiNCs were studied by quenching of PLQY
and PL-lifetimes. This research could be used, for example, to enhance the absorption of SiNCs fluorophore
in the luminescent solar concentrator and also in visible-NIR excited SiNCs based photoimaging.

5.1 Synthesis of perylene and phenyl-BODIPY
functionalized SiNCs

The synthesis of hydrogen-terminated SiNCs (H-SiNCs) was performed with the method
described previously in Chapter 3. Briefly, H-SiNCs produced by the annealing of sub-stoichiometric SiO-
X (x<2) precursors at 900°C (under an argon-hydrogen gas mixture). The phase separation triggered by
thermal annealing resulted in SiNCs encapsulated in the SiO, matrix. The SiO; matrix was etched
chemically using concentrated hydrofluoric acid (HF) acid (48% v/v) and ethanol. Toluene was used to
extract H-SiNCs from the polar etching solution. Approximately fifty successful H-SiNCs were used to
synthesize SiNCs, and the same conditions for thermal annealing and etching were always used. The
functionalization with 1-hexene (C6) and 3-ethenyl perylene (pl); 3-ethynyl perylene (p2), and ethylene-

m-phenyl BODIPY (pb) (as shown in Figure 5-1) was performed by microwave-assisted hydrosilylation

(s).

\
\

(p1) (r2) (pb)

Figure 5-1. Molecular structure of the reactive dyes used in the surface modification of SiNCs: 3-
ethenyl perylene (pl); 3-ethynyl perylene (p2); and ethylene-m-phenyl BODIPY
(pb) [236].
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The UV/VIS absorption, PL, and PLE spectra for dye (p1), (p2), and (pb) dissolved in hexane
are presented in Figure 5-2. Dye (p1) and dye (p2) demonstrate strong light absorption between 400 and
460 nm. Dye (pb) absorbs between 490 and 540 nm. The dye (p1) and dye (p2) show similar PL spectra
with PL maximum of 462 nm and 456 nm, respectively. Dye (pb) demonstrates green emission with a
maximum of 537 nm. UV/VIS measurements were performed for all dyes to investigate the photophysical
properties of the possible ligands. The objective was to determine whether the excitation wavelength
correctly worked either for the core (SiNCs) or the ligands and to help us with data interpretations. The
measurements demonstrated that all dyes exhibit local absorption minimum at 300 nm. Whereas (C6)-
SiNCs show strong absorption at the wavelength of 300 nm and gradually decreases at a longer wavelength
(approaching zero in the wavelength longer than 450nm, explained in detail in Chapter 4). It was expected
that when excitation was performed at 300 nm, the emission should appear from SiNCs only. Likewise,
when it was performed at 450nm or 515nm, the emission should emerge from the dyes (p1), (p2), and (pb).
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Figure 5-2. (a) Absorption spectra of solutions of 3-ethenylperylene (pl) (black), 3-ethynylperylene
(p2) (blue) and ethenyl-m-phenyl-BODIPY (pb) (red) in hexane. (b), (c) and (d): PLE and
PL emission of corresponding dyes [236].

As preliminary research, the stability of the dyes upon MWH reactions was performed in the

experiment using MW-reactor. The experiment aim to investigate whether the dyes as ligands could stand
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upon extreme heat and pressure (230°C, ~28 bar, and 2 x 120 minutes). The solutions of dyes (p1), (p2),
and (pb) in toluene was treated in the microwave reactor for 240 minutes at 230 °C. The absorption spectra
were measured before and after the treatments in MW-reactor and the results indicate that dyes are relatively
stable. Only 6 % degradation was observed for the dye (pl), whereas for dye (p2) it remained unchanged
during the hydrosilylation process. Eventually, the dye (pb) shows the fastest degradation rate. Degradation
of 36% of the dye (pb) was seen after the 240-minute treatment at 230 °C. The absorption spectra before

and after the reaction in the MW reactor are depicted in Figure 5-3.
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Figure 5-3. (a): Absorption spectra of dye (p1) in toluene before (black) and after (grey) the treatment
in the microwave reactor. (b): Absorption spectra of dye (p2) in toluene before (black)
and after (grey) the treatment in the microwave reactor. (c): Absorption spectra of dye
(pb) in toluene before (black) and after (grey) the treatment in the microwave reactor.
The treatment conditions: 240 minutes at 230 °C [236].

Figure 5-4 summarizes the effect of the reaction temperature and reaction time on the PLQY of
(C6)-SiNCs performed in the microwave reactor. The results in Figure 5-4 indicate that the optimal reaction
temperature was at 230°C and 120 minute reaction times (at 230°C reaction temperature) to obtain the
highest PLQY values (in this optimization experiment) ~35%. Longer reaction time tends to reduce the
PLQY value, and it might be caused by the crosslinking reaction among the ligands (dye, hexene-1, and
between dye and hexene-1) to form corona (previously described in Chapter 4). The hydrosilylation
reaction for dye functionalized SiNCs was performed at a temperature of 230°C, and the reaction time of
120 minutes to dyes (pl), (p2), and (pb). The hydrosilylation reaction products were organic-capped SiNCs
dispersed in non-polar organic solvents (hexane, for instance). A vacuum evaporator was used to remove
the left-over hexene-1 while rinsing at least three times with methanol removed the left-over dye.
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Figure 5-4. (a): PLQY of (C6) -SiNCs as a function of the temperature of hydrosilylation reaction
performed in the MW reactor; (b): PLQY of (C6)-SiNCs as a function of the reaction time
of hydrosilylation reaction performed in a microwave reactor. The error bars represent
the uncertainty of five times experiments (for several chosen conditions).

Mazzaro et al. [312] described thermal hydrosilylation reaction between pyrene dye and H-
SiNCs utilized a significant excess of a reactive dye (> 100 mg of a dye per 5 ml of the reaction mixture).
This large amount of dye guaranteed high surface density of the attached dyes and led to inefficient dye
consumption as the reaction yield was meagre. Using MWH, the amount of dye consumption was tried to
minimize to gain optimum functionalization. In the optimization process, three different approaches to
attach the dye chemically to the SiNCs were investigated as presented in Figure 5-5: firstly, (i) 2.0 mg of
dye (p1) was dissolved in 5 ml dispersion of H-SiNCs in toluene and performed in the MW reactor at 230°C
for 120 minutes. However, the resulting product displayed only weak NIR emission from the SiNCs. It was
assumed that dye molecules could be afforded only a partial surface coverage of the SiNCs, and the weakly
protected SiNCs were oxidized by oxygen that led to the reduced PL intensity of SiNCs. The second
approach was (ii) 2.0 mg of dye (p1) dissolved in 5 ml dispersion of the mixture of H-SiNCs in hexene-1
(C6) and performed in the MW reactor for 120 minutes at 230°C. The product has shown that only a
minimal amount of p1 is attached to SiNCs. The UV/VIS measurement indicated that minimal dyes are
attached to the surface of SiNCs. Our result demonstrated that the dye could not compete with the excess
of (C6) in the reaction process and, thus, only a limited amount of dye reacted with the surface of H-SiNCs.
Finally, (iii) in order to overcome the limitations of the approaches in (i) and (ii), 2.0 mg of dye (p1) was
initially reacted with H-SiNCs in toluene for 120 minutes at 230°C. Then, 5.0 ml of (C6) was injected into
the solution before the second hydrosilylation reaction performed for another 120 minutes at 230°C.
Approach (iii) allows us to synthesis SiINCs with dye molecules covalently attached to the surface that

exhibited strong NIR PL successfully.
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Figure 5-5. Functionalization reaction of hydrogen-terminated SiNCs (H-SiNCs) with hexene-1 (C6)
and dye (pl). (i) Direct hydrosilylation reaction with the dye (p1); (ii) reaction H-SiNCs
with the solution of the dye (p1) in (C6), and (iii) two-step process: reaction of H-SiNCs
with dye (p1) within the step-1 and with (C6) within step-2.

To investigate the change in particle size during the reaction, TEM and DLS were performed to
the yield of the hydrosilylation process. Under the TEM image, the core of SiINCs remains at the same size
~4-6 nm (Figure 5-6). Likewise, the crystallinity and the lattice parameter agreed with the alkyl
functionalized SiNCs described previously in Chapter 4. All obtained dispersions under DLS measurement
demonstrated that the particles' size distribution coincides with our previous report. The DLS data depicted
in Figure 5-7 describes the average hydrodynamic diameter of 4.2 nm for (C6)-SiNCs), 5.2 nm for (C6)-
(p1)-SiNCs), 4.6 nm for (C6)-(p2)-SiNCs) and 6.5 nm for (C6)-(pb)-SiNCs), respectively. The size
distribution for (C6)-(pb)-SiNCs is slightly broader because the ligand's molecular size is also more

prominent than the dye p1 and p2.
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Figure 5-6. TEM image of (a). (C6)-SiNCs, (b). (C6) -(p1)-SiNCs, (c). (C6)-p2-SiNCs, (d). (C6) -(pb)-
SiNCs, (e) HRTEM (C6)-SiNCs, and (f) electron diffraction of (C6)-SiNCs [236].

2 4 6 8 10 12 14
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Figure 5-7. Particle size distribution measured with dynamic light scattering after functionalization
in the MW reactor (m): (C6)-SiNCs; (e): (C6)-(p1)-SiNCs; (#): (C6)-(p2)-SiNCs; and («):
(C6)-(pb)-SiNCs.

Absorbance enhancement can be observed by increasing the extinction coefficient of the dye

functionalized SiNCs, compared with compatible alkyl functionalized SiNCs. At a local minimum of 300
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nm, the absorbance of the ligands approach zero; therefore, for quantification of the experimental results,
all absorption spectra were normalized using the Asoonm absorbance, and extinction coefficients expressed
in Equation 5.15.

= 5.15
a1 C (.15)

Where A, - absorbance at a particular wavelength (300 nm, 375nm, 405nm, 450nm, and

515nm), &, - extinction coefficient (cm™), | - optical path length (in this experiment: 1 cm), and C -
dimensionless weight fraction of SINCs (Msincs/Mdispersion). The extinction coefficient values for all
investigated products under five different excitation wavelengths are summarized in Table 1, whereas the

absorbance’s corresponding concentration dependences are plotted in Figure 5-8.

Table 1. The extinction coefficient of (C6)-SiNCs, (C6)-(p1)-SiNCs, (C6)-(p2)-SiNCs and (C6)-(pb)-
SiNCs solutions in hexane at different wavelengths.

Excitation (C6)* (C6) -(p1) (C6) -(p2) (C6)-(ph)
(A,nm) & (x10%) cm & (x10%) cm? & (x10%) cmt & (x10%) cm
3008 0.72 0.73 0.75 0.71
375 0.17 0.26 0.36 0.17
405 0.09 0.34 0.47 0.09
440t 0.05 0.49 0.65 0.04
515¢ 0.01 0.03 0.07 0.03

 Excitation wavelength dedicated for perylene dyes, and * Excitation wavelength dedicated for BODIPY. $Reference excitation wavelength dedicated for SiNCs or limited
absorbed by dyes. *(C6)-SiNCs is used as reference alkyl functionalized SiNCs where all absorbance-from dyes modified-should compared with.

Data in Table 1 demonstrate that the extinction coefficients of dye functionalized SiNCs were
enhanced by factor 10 and 13 at 440 excitations for (C6)-(p1)-SiNCs and (C6)-(p2)-SiNCs, and by factor
3 at 515nm excitation for (C6)-(pb)-SiNCs, respectively. The enhancement factors came from the
absorption of the dyes. One might argue that a homogeneously physical mixture of dyes and C6-SiNCs
could produce similar enhancement factors. To answer this, UV/VIS and PLE measurements were
performed to physical mixtures, and the results are shown in Figure 5-9. The UV/VIS spectra demonstrated
that the absorbance of physical mixtures was similar in shape and position to chemically bonded dye
functionalized SiNCs. However, the PLE spectra demonstrate that the physical mixture exhibited no sign
of dyes at 860 nm. This information indicates the main difference between physical and chemical bonding
of the core and the ligand. On the other hand, the experiments demonstrated that the absorption

enhancements were led by bonded dyes instead of free dyes.

The UV/VIS absorption and photoluminescence excitation (PLE) measurements of (C6)-SiNCs
dispersion in hexane displayed the characteristic behaviour of SiNCs with a gradual decrease of the optical
density at a longer wavelength (Figure 5-10). Excitation of (C6)-SiNCs with different wavelengths led to
PL spectra with a similar shape, full width half maximum (FWHM) of 170 nm, and position of the PL
maximum of 840 nm (Figure 5-10b). The measured PLE spectrum (Figure 5-10c) also proved the possibility
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of obtaining SINC NIR PL via dye excitation. The PLE spectrum's shape corresponded to the (C6)

absorption spectrum -(p1)-SiNCs conjugate with a clear contribution of dye absorption to the PLE
spectrum. The NIR PL spectra of (C6) -(p1)-SiNCs (Figure 5-10d) excited with different excitation
wavelengths displayed the same shape with an FWHM of 175 nm and the PL maximum lying at 848 nm.

Strong NIR luminescence under blue excitation light (440 nm) was observed in agreement with our
expectations. This observation highlighted the feasibility of the sensitization with the blue-absorbing dye

attached to the nanocrystals' surface.
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Figure 5-8. Estimation of the absorption coefficients at different wavelengths for solutions of (a):
(C6)-SiNCs;(b): (C6)-(p1)-SiNCs;(c): (C6)-(p2)-SiNCs and (d): (C6)-(pb)-SiNCs in

hexane [236].
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Figure 5-9. Absorption (solid lines) and PLE (dash lines) spectra of physical mixture of (C6)-SiNCs
and dye (pl) - (a), dye (p2) - (b), dye (pb) — (c). PLE spectra were measured at a fixed
luminescence wavelength of 830 nm.
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Figure 5-10. (a) Normalized UV/VIS absorption (solid line) and PLE spectra (dash line) of (C6)-
SiNCs; (b) PL spectra of (C6)-SiNCs at 375nm (o) and 450nm (A) excitations; (c)
Normalized UV/VIS absorption (solid line) and PLE (dash line) spectrums of (C6)-(p1)-
SiNCs; (d) PL spectra of (C6)-(p1)-SiNCs at 375nm (o) and 450nm (A) excitations [236].
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The PLQY values obtained at different excitation wavelengths were slightly different (as shown
in Figure 5-11). The highest PLQY values of 33£6% were measured for the excitation wavelengths of 300
and 375 nm, whereas slightly lower values of 30+5% and 28+5% were found for excitation with
wavelengths 405 and 440 nm, respectively. It should be mentioned that the error bars reflect the minimum

and maximum values of PLQY for the synthesis repeated five times.
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Figure 5-11. PLQY values of (a): (C6)-SiNCs, (b): (C6)-(1)-SiNCs, (c): (C6)-(2)-SiNCs and (d): (C6)-
(3)-SiNCs measured at different excitation wavelengths 300 nm (O), 375 nm (), 405 nm
(A), 450 nm (V), and 515 nm (<) . The PLQY values are the result of averaging for five
independent synthetic batches. The error bars indicate maximum and minimum values
measured for five independent synthetic batches [236].

5.2  3-ethenyl perylene (dye-pl)

The absorption and PLE spectra of (C6)-(1)-SiNCs displayed absorption spectra that combined
the SiNCs and the dye (pl) with a maximum of 442 nm. The absorption maximum exhibited the
hypsochromic shift compared to the unreacted dye (p1) with an absorption maximum at 453 nm. This effect
can be explained by reducing the double bond after the hydrosilylation reaction with H-SiNCs; thus, the
conjugation of the perylene unit and the double bond vanished. The (C6)-(p1)-SiNCs demonstrated similar

behaviour with the (C6)-SiNCs extinction coefficient Azponm and the enhanced extinction at longer
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wavelengths (Table 1). For instance, a ~10-fold enhancement of the extinction coefficient was observed at

440 nm excitations.

Earlier, light with a wavelength 300 nm was envisioned to allow selective excitation of the SiNCs
core without the dye's contribution to the absorption. Unexpectedly, the PLQY value of (C6)-(1)-SiNCs
(14+5%) measured at 300 nm excitation was smaller than PLQY of the (C6)-SiNCs (33+6%) (Figure 5-11a,
b). Firstly, more substantial surface oxidation of SiNCs after the reaction with the dyes were considered as
the possible explanation for the decreased PLQY. The FTIR spectra indicated that the surface of both (C6)-
SiNCs and (C6)-(p1)-SiNCs is slightly oxidized during the surface modification via the hydrosilylation
reaction.

Absorbance, norm

800 1000 1200 1400
Wavenumber, cm’™

Figure 5-12. FTIR spectra of (C6)-SiNCs and (C6)-(p1)-SiNCs. The spectra were normalized using
the Si-C peak at 800 cm™ [236].

Infrared (IR) spectra of (C6)-SiNCs and SiNCs modified with the dye (pl) were measured to
prove this hypothesis. Two feature peaks allowed for a comparison of the surface oxidation of SiNCs. The
peak at 800 cm™ is attributed to Si—C (stretching) vibration, whereas the broad peak at 960-1140 cm™ to
Si—O (stretching) vibration (Figure 5-12) [313-315]. One would expect more substantial surface oxidation

(and a smaller PLQY) for a high R-value (Equation5.17):

1140cm™1 _ _
_ Apsi-o) Josoem—1  P(1140-960cm~1) AT

T Aoei~ 830cmT1 _ _
v(Si=0) f7600m—1 U(g30-760cm-1) AV

(5.16)

where R-relative ratio of oxygen to hydrocarbon functionalized SiNCs, AV(SFO) -integrated

absorbance area of the Si-O peak, Ami,c) - integrated absorbance area of the Si-C peak, and V -vibration

energy. In our measurement, the (C6)-SiNCs and (C6)-(1)-SiNCs samples exhibited a small difference in
R-value. However, together with the unchanged PL spectra, it might indicate that the dye's reaction did not
significantly increase the surface oxidation of the SiNCs. More substantial oxidation usually leads to a

hypsochromic shift in the PL spectrum due to trap states' emission [52, 127].
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To explain the decrease of PLQY measured at 300 nm excitation, it was assumed that the dye
might quench the luminescence of SiNCs. More specifically, back-energy transfer (BET) was predicted
from SiNCs (donor) to the triplet state of the dye (acceptor). The position of perylene triplet state (~800-
850 nm)[127] coincides well with the broad SINCs NIR emission (with PL maximum at 848 nm). Thus,
the perylene triplet state might ultimately enable such an energy transfer that ultimately reduces the PLQY.
Recently, the efficient energy transfer between QDs and the triplet state of dyes attached to its surface was
described in the literature [246, 316-318]. For instance, Mongin et al. [245] reported a Dexter-like triplet-
triplet energy transfer between CdSe nanocrystals and a surface-anchored polyaromatic dye. Recently, Xia
et al. [247] described triplet-triplet annihilation up conversion utilizing energy transfer from SiNCs to the

diphenyl anthracene's triplet state anchored with the SiNCs surface.

PL decays of SiNCs (Figure 5-13a, b) was measured to validate this idea. All investigated SiNCs
exhibited PL decays with multi-exponential behaviour due to size polydispersity. Indeed, investigated
narrow fractions of SiNCs demonstrated that PL lifetime rises significantly with nanocrystal size. For
simplicity, the PL decays were fitted with double-exponential function, and the amplitude-averaged PL

lifetime was assessed using Equation 5.18,

- :A171+A272
av A-—I—Az

where 11 and 1 is the decay time of the first and second components, whereas A; and A; are

(5.17)

amplitudes of first and second components.

1
a 3 b
0.14 157 &168 us
E L. E
ca 4 0 TMe, VWY - ©
f= o
2 0014 =
w w
c =
@ 1}
E €
0.001 4
1E-4 T T T T T T T T T
0 200 400 800 800 1000 0 1 2 3 4 5
Times, us Times, ns

Figure 5-13. (a) Long-time (us) PL decays for ligand functionalized SiNCs excited at 405 nm and
measured at 810 nm. (C6)-SiNCs () (168 ps), (C6)-(pb)-SiNCs (V) (157 ps), (C6)-(pl)-
SiNCs (¢) (168 ps). (b) Short-time (ns) PL decays of dye-(p1) (¢) and (C6)-(p1)- SiNCs
(#); excited at 440 nm and measured at 450-550 nm. All presented lifetimes are average
lifetimes estimated with Equation 5.18 after double-exponential fitting. The shaded area
represents ~95% of the fitting confident band [236].

The (C6)-SiNCs demonstrated a relatively long PL lifetime of 168 us. This value was in good
agreement with previously reported PL lifetime values [319]. In contrast, (C6)-(p1)-SiNCs displayed a
significantly shorter lifetime of 76 us, which confirmed quenching of the SINC NIR PL signal and resulted
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in a PLQY decrease for (C6)-(p1)-SiNCs excited at 300 nm. The efficiency of BET was calculated as the
ratio of PLQY 300nm and PLQY (o)z00nm calculated as in Equation 5.19,

PLQY3500m
Mger =l-—>—— (5.18)
PLQY(0)3OOnm

or

T i

Tav(c6)—(p1)-SiNCs
where PLQY 300nm and PLQY (o)300nm are values measured at 300 nm excitation for (C6)-(p1)-
SiNCs and (C6)-SiNCs, respectively; and tavcs)-sincs and Tavcs)-1)-sinc are lifetimes of NIR PL measured
for (C6)-(p1)-SiNCs and (C6)-SiNCs, respectively. The value nger = 55% was calculated using Equation
5.19, whereas the value of nger calculated with Equation 5.20 was expected to be in the range of 30-75%,

taking into account the reproducibility of the PLQY measurements.

Under excitation at 440 nm, an additional loss mechanism leading to reduced PLQY s00nm Value
must be considered. If the efficiency of the direct energy transfer (DET) between the dye (donor) and the
SiNCs (acceptor) is significantly less than 100%, the relationship PLQY aa0nm < PLQY300nm Should be
observed as well. However, Figure 5-11b demonstrates that PLQY 440nm = PLQY 300nm. T0 explain this result
and assess the DET's value, the measurements were focused on ns-decays of dye (pl) before and after a
reaction with H-SiNCs (Figure 5-13). The ns-decay exhibited a double-exponential behaviour with two
distinguished lifetimes. It was assumed that the shorter component of 0.03 ns (and amplitude 81%) and a
more extended component with a lifetime of 3 ns (and amplitude 19%) corresponded to quenched and
unguenched dye (p1), respectively. Unquenched dye observation might be due to the partial incorporation
of dye molecules into thin hydrocarbon corona surrounding SiNCs [195, 320]. Considering the much longer
distance between the dye and SiNCs surface, in this case, it was assumed the lack of DET for a small
fraction of the dye attached to the surface of SINCs. A DET efficiency of 99 % was calculated using
Equation 5.21,

opr = 1— Tav(CG)—‘E—pl)—SiNCs (5.20)
0

where Tay (ce)-1)-sincs = 0.03 ns is PL lifetime of dye (pl) after reaction with H-SiNCs, whereas

1o is the hypothetical PL lifetime of reacted dye (p1) without energy transfer.

To be exact, the last parameter can differ from the lifetime of the unreacted dye (p1), considering
the reduction of the double bond in the dye (p1) after the completion of the hydrosilylation reaction. The
difference in the lifetime might be caused by the different withdrawing effects of ethyl and vinyl groups.
Indeed, the examination of the PL lifetime of the dye (p1) dissolved in hexane displayed a lifetime of 3.2
ns, whereas the unsubstituted perylene or perylene with saturated alkyl substituents (for instance 2, 5, 8,
11-tetra-tert-butylperylene) usually demonstrated a longer lifetime of 4.3-4.5 ns [321-323]. Nevertheless,

this difference in 1o led to only minor correction of neer = 99.3% (for to = 3.2 ns) instead of 99 % if o =
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4.4 ns was considered. Thus, DET's high efficiency explained the reasons for the PLQY values obtained at
300 nm and 440 nm excitation being similar. PL decays of dye (pl) show a lifetime -3.2 ns, (p2)
demonstrates a lifetime -4.1 ns, whereas the dye (pb) was— 7.1 ns, as depicted in Figure 5-14.
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Figure 5-14. Short time (ns) decays of visible PL for dye (p1) (¢), (p2) (A), and (pb) ('), respectively,

dissolved in hexane. All presented lifetimes were derived from mono-exponential fitting
[236].

These results predicted the enhancement of ~300 % for NIR PL of SiNCs when excited with a
blue light source (440 nm). The 300% value comprises a 10-fold enhancement due to absorption and ~50
% losses due to BET from SiNC to the dye triplet. Indeed, Figure 5-15 displays steady-state PL spectrums
for solutions, (C6)-SiNCs and (C6)-(p1)-SiNCs, with equal absorbance at 300 nm and excited with LED

(440 nm). In this experiment, the NIR PL's enchantment ~270 % was observed, which was in good
agreement with the predicted value.
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igure 5-15. (a): PL under excitation with LED 440nm of (C6)-SiNCs (e), (C6)-(p1)-SiNCs (¢) and
(C6)-(p2)-SiNCs (a); (b): PL under excitation with LED 515nm of (C6)-SiNCs (e) and
(C6)-(pb)-SiNCs (v); (c): PL under broadband excitation (435-550 nm) of (C6)-SiNCs
(@), (C6)-(p1)-SiNCs (#), (C6)-(p2)-SiNCs(a) and (C6)-(pb)-SiNCs (). All dispersions

have similar absorbance of 0.3 at 300 nm (A300). The PL spectra were normalized to
emission of (C6)-SiNCs (e) [236].



53  3-ethynyl perylene (dye-p2)

Next, the triple bonds' effect was examined on the dye's hydrosilylation reaction (p2). The
absorption and PLE spectra of (C6)-(p2)-SiNCs displayed the combination of absorption spectra of SiINCs
and dye (p2) (Figure 5-17a) with a maximum at 441 nm. The extinction coefficient g44onm for (C6)-(p2)-
SiNCs is a little bit higher then coefficient €sonm for (C6)-(p1)-SiNCs (Table 1). This difference might
indicate that 3-ethynylperylene (perylene with triple bond) has slightly higher activities in the
hydrosilylation reaction then ethenylperylene (perylene with double bond). The NIR PL of SiNCs exhibited
similar spectra under excitation with different wavelengths, for example, a PL maximum of 832 nm and
FWHM of 170 nm (Figure 5-17b). The PLQY value of 12 + 4% was measured for (C6)-(p2)-SiNCs at 300
nm excitation. This value was comparable (though slightly lower) to the PLQY for SiNCs modified with
ethenylperylene. The value of PLQY correlated with the shorter PL lifetime of 76 us measured for NIR
emission of (C6)-(p2)-SiNCs (Figure 5-16). This observation confirmed more efficient BET from SiNCs
to the triplet state of the dye (p2), due to a bathochromic shift of the dye triplet state (as compared with
(C6)-(p1)-SiNCs), because of the conjugation of the perylene core with the double bond. The value nger =
57% was calculated using Equation 5.19, whereas the value of nger calculated with Equation 5.20 was
expected to be in the range 52-75%.PL decays for NIR and visible emission for (C6)-(p2)-SiNCs dispersed

in hexane demonstrate a lifetime of 72 ps and 3.8 ns, respectively.
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Figure 5-16. (a): long-time (us) decay of NIR PL of (C6) -(p2)- SINCs (4); (b): short-time (ns) decay
of visible PL for (C6)-(p2)- SiNCs. All presented lifetimes are average lifetimes estimated
with Equation 5.18 after biexponential fitting. The shaded area represents ~95% of the
fitting confident band [236].

The measurement results of ns-lifetime (for dye emission in the range 440-560 nm) displayed
decay with a lifetime of 3.8 ns (Figure 5-18). This extended lifetime indicated that DET from the dye to
SiNC is considerably less efficient than DET in the system (C6)-(p1)-SiNC. The precise calculation of nper
was complicated in case of (C6)-(p2)-SiNCs, as the exact value of to was unknown (to and Tav(cs)-p2)-sinc

should have the same order of magnitude). The enhancement factor for the (C6)-(p2)-SiNCs system should
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be logically lower than the enchantment in the case of (C6)-(p1)-SiNCs due to less efficient DET and the
pronounced BET observed for the (C6)-(p2)-SiNCs conjugate. Indeed, Figure 5-18 demonstrates a 175 %

enhancement of NIR PL achieved with excitation at 440 nm.
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Figure 5-17. (a): Normalized absorption (solid line) and PLE (dash line) spectra of (C6)-(p2)-SiNCs.
(b): PL-emission spectra of (C6)-(p2)-SiNCs at 375 nm (o) and 450 nm (A) excitations.
(c): Normalized absorption (solid line) and PLE (dash line) spectra of (C6)-(pb)-SiNCs.
(d): PL-emission spectra of (C6)-(pb)-SiNCs at 375 nm (o) and 450 nm (A)

5.4

excitations [236].

Ethylene-m-phenyl BODIPY (dye-pb)

To examine the possibility of DET between a dye absorbing in the green range of the visible

spectrum and SiNCs, a hydrosilylation reaction was performed to dye (pb). The dye (pb) demonstrated an

absorption maximum at 514 nm, which can be seen in the absorption and PLE spectra of (C6)-(pb)-SiNCs

(Figure 5-15c¢). It should be noted that very efficient surface anchoring for the dye (3) were not able to

provide using the synthetic conditions that were similar to ones for dyes (p1) and (p2). It only a 3-fold

increase was observed on extinction coefficient at 515 nm. Thus, the synthetic procedure in the case of dye

(pb) requires further optimization. However, even with such an amount of the attached dye, enhancing
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~200 % for excitation at 515 nm was observed at NIR PL (Figure 5-15). Two effects can explain such a
significant enhancement: Firstly, the PLQY of the SiNCs was high (2845 % under 300 nm excitation). This
observation correlated with the long lifetime of NIR PL (157 us, as presented in Figure 5-13). Thus, the
less pronounced BET with nper = 7 % (the result of calculation with Equation 5.20) and nper ~ 0 - 34 %
(the result of calculation with Equation 5.19) was observed in the (C6)-(pb)-SiNCs system due to lower
dye surface concentration and the higher energy of the BODIPY triplet (~ 750 nm).[324, 325] Overall, the
phenomenon of BET requires additional investigation and will be described in our future publication.
Additionally, the ns-decay measured for the range 550-600 nm indicated strong quenching of BODIPY
luminescence with npoer = 94 %. In contrast to the unreacted dye (pb) with a lifetime of 7.1 ns, the (C6)-
(pb)-SiNCs demonstrates the average PL lifetime of BODIPY emission of 0.4 ns. As the double bond
reduction after the hydrosilylation reaction might lead to the only minor change of the lifetime (due to weak
conjugation between the BODIPY core and the double bond), it is assumed that the lifetime of 7.1 ns could
be used in the calculation of DET efficiency. Therefore, by having only small losses due to the energy
transfer processes, the absorption enhancement can be efficiently utilized in the case of (C6)-(pb)-SiNCs.
PL decays for visible emission of (C6)-(pb)-SiNCs dispersed in hexane demonstrate a lifetime of 0.3 ns.
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Figure 5-18. Short-time (ns) decay of visible PL for (C6)-(pb)-SiNC. The shaded area represents
~95% of the fitting confident band [236].

Last-but-not-least, the NIR PL of sensitized samples were investigated under a broad spectral
excitation that can mimic, for instance, the excitation with solar radiation. To get comparable results, the
concentration of all solutions was tuned to have similar absorbance at 300 nm. Figure 5-18 displays the PL
spectra of four solutions under the broadband excitation (a white LED was used together with a 550 nm
short-pass filter). The enhancement of 280 %, 100 %, and 160 % for the NIR PL of (C6)-(1)-SiNCs, (C6)-
(2)-SINCs, and (C6)-(3)-SiNCs samples were achieved, respectively.
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6 Singlet oxygen generation

Some of the results present in Chapter 6 were published in Beri et al. [326]. The author did all the syntheses
and performed all the characterization experiments in this chapter. Except for singlet oxygen yield
measurements were performed by author and co-author Dr. Dmitry Busko, whereas co-author Marius
Jakoby performed low-temperature PL-measurements. The original idea was brainstormed with co-authors
Dr. Andrey Turshatov and Prof. Bryce S. Richards. This chapter's goal was developed based on the
anomaly behaviour of perylene-SiNCs‘ PLQY at 300 nm. Indeed, the perylene molecule has limited
absorption at 300 nm, so we foresee there must be back energy transfer from SiNCs to perylene that
occurred in covalently anchored perylene-SiNCs. To reveal the quest, in ambient air, the populated triplet
state in perylene-as resulting in back energy transfer-has a high chance to produce singlet oxygen via
triplet-triplet energy transfer. Meanwhile, alkyl-SiNCs do not possess an intrinsic ability to generate singlet
oxygen. We demonstrated that covalently anchored perylene-SiNCs generate quite a significant singlet
oxygen. There are two methods used to determine singlet oxygen. Both methods are described in detail in
this chapter. This research could benefit in bioimaging and theranostics, for example, to treat cancer cells.

6.1 Dye functionalized SiNCs as a photosensitizer

The molecular structures of phenalenone (phen), 9,10-Dimethylanthracene (dma), 5,6,11,12-
Tetraphenylnaphthacen (rubrene), perylene derivatives dye-p1 and dye-p2, as well as hexy!l functionalized
SiNCs (C6)-SiNCs), hexyl-dye functionalized SiNCs (C6)-(p1)-SiNCs and (C6)-(p2)-SiNCs) are shown
in Figure 6-1. Reference photosensitizer molecule is phen, probe molecule are dma and rubrene, and
photosensitizer samples are dye-p1, dye-p2, (C6)-SiNCs, (C6)-(p1)-SiNCs, and (C6)-(p2)-SiNCs.

o O 0 PR, CH,
. b C d s ©ego
X \ 528

Figure 6-1. Molecular structures of (a) phenalenone (phen), (b) 3-ethenylperylene (dye-p1), (c) 3-
ethynylperylene (dye-p2), (d) 5,6,11,12-Tetraphenylnaphthacen (rubrene), (e) 9,10-
Dimethylanthracene (dma) (f) hexyl-functionalized SiNCs [(C6)-SiNCs], (g) 3-
ethynylperylene/hexyl-functionalized  SiNCs  [(C6)-(p2)-SiNCs], and (h) 3-
ethenylperylene/hexyl-functionalized SiNCs [(C6)-(p1)-SiNCs].
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A reference, probes, and samples were illuminated with 300 nm LED excitations for 60 minutes
to monitor the photostability as a preliminary study. The UV-Vis-NIR spectra depicted in Figure 6-2
demonstrate photodegradation of phen, dma, rubrene, dye-p1, dye-p2, and (C6)-SiNCs after 60 minutes
of illumination using 300 nm LED excitation. Reference phen demonstrated 31% photodegradation (4.3%
uncertainty of our result is coming from it). Dma and rubrene show 22% and 65% photodegradation,
respectively; (22% of photodegradation contributes to another 3.3% uncertainty). In contrast, 65% of
rubrene photodegradation is far above the expected degradation. Rubrene photodegradation has been
observed previously by Ronzani et al. [327]. The authors proposed that the experiment should be performed
at rubrene concentration below 1 x 10-° M. Because at a concentration above 1 x 10-° M, photodegradation
was found exhibited 35% at 266 nm excitation wavelength. In my work, rubrene photodegradation was
even higher because excitation was performed directly to the maximum peak (Amax=300nm) of rubrene
absorption. Due to the limitation, the rubrene molecule is skipped from being used as a probe molecule.
Photodegradation of dye-p1, dye-p2, and (C6)-SiNCs show as much as 6%, 5%, and 9%, respectively, after
60 minutes of illumination using 300 nm LED excitation (see Figure 6-2).

a

Absorbance, AU

0.0 » . T T T T T
300 400 500 300 400 500
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Figure 6-2. Evolution of UV-Vis-NIR-spectra upon illumination (a) phenalenone (phen), (b) 9,10-
dimethylanthracene (dma), (c) 5,6,11,12-Tetraphenylnaphthacen (rubrene) (d) 3-

90



ethynylperylene (dye-p2), and (e) 3-ethenylperylene (dye-p1), and (f) hexyl-functionalized
SiNCs [(C6)-SiNCs]. 300 nm excitation for 60 minutes.

To get an insight into a *O, generation, a series of possible reaction processes could be described
in chemical equations. Equations (6.21)-(6.31) summarize the possible reactions and corresponding rate

constants of the photosensitization process to produce 0, [327].

ps 53 ps* (6.21)

ps* M55 3pgs (6.22)
3PS+ 20, L ps+ 1o, (6.23)
10, 28 3, (6.24)

o, Lemy 30, + hv' (6.25)
10, + Tr & Tro, (6.26)

In Equation (6.21), a photosensitizer received a photon and excited it to the excited singlet state.
Excited singlet state released the energy to the triplet state (}PS*) via intersystem crossing (kisc) (Equation
(6.22)). The triplet state of a photosensitizer (3PS*) is transferred the energy to the triplet state of an ambient
oxygen molecule (30,) via energy transfer (ker) to form singlet oxygen (*O2) and relaxed back to the ground
state (PS) (Equation (6.23)). Resulting in O, is diluted in the solvent (cyclohexane), and some energy might
be transferred to the solvent via non-radiative relaxation/diffusion (ksp) (Equation (6.24)). A small part of
the energy is released via *O phosphorescence at 1270 nm (kem) (Equation (6.25)). This phosphorescence
could be observed at 1270 nm wavelength. In addition, O, could also be trapped using probe molecules
(Tr), such as 9, 10-dimethylanthracene (dma) (6.26).

6.2 Determination of ®4 using chemical methods

There are two well-established methods to determine the ®a. The first method uses particular
probe compounds such as 9, 10-dimethylanthracene (dma) [328, 329]. Herein, ®a can be calculated by
comparing the quenching rate of photosensitizer-x relative to photosensitizer reference molecule
(phenalenone) using Equation 6.27. [327]

GAF:

— — 27
Ky g (627)

Where ®R is 10, -quantum yield of reference (phen), kI and k%" are quenching rate constants for probe-
x and reference-phen (see Figure 6-3). 1%, and IR are photon flux absorbed by photosensitizer and

reference.
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Figure 6-3. (a) Dma photodegradation due to illumination at 300nm LED excitation, (m) dma, (e)
phenalenone, (A) dye-pl, (V) dye-p2, (<€) (C6)-(pl)-SiNCs, (») (C6)-(p2)-SiNCs. (b)
Dma photodegradation due to illumination at 405 nm LED excitation, (m) dma, (e)
phenalenone, (A) dye-p1, (V) dye-p2, («€) (C6)-(p1)-SiNCs, (») (C6)-(p2)-SiNCs

The results of the calculated ®x determined by the chemical method are tabulated inTable 2.

Table 2. Singlet oxygen quantum yields (®a) data measured using the chemical method.

dma 7 dma }
PS agg%’?g') (k:lo_s) aéﬁ%ﬂ';) (kxxlo_g) PLQY%  ®u%' %
phen 5 9.00 15 455 — 92+10° 924107
dye-p1 5 6.41 23 638  68+1i  65+15  81+7
dye-p2 4 5.21 23 528 52415 70415  70+7
(C6)-SiNc 90 37 25 03  33+1t* 00245 0345
(C6)-(pL)-SiNCs 19 5.67 2.9 226 2241t 1546 2346
(C6)-(p2)-SiNCs 16 7.66 33 548  15+1%*  24+6  50+6

fcorresponds to the 300 nm excitation; ¥ corresponds to the 405 nm excitation; " reference ®,= 0.92+0.5 (Schmidt et al., 1994) §
PLQY of dyes visible emission integrated with the range of 350-500 nm. *PLQY of SiNCs NIR emission integrated with the range
of 650-1,000 nm. k,*™ are quenching rate constant of dma as a function of 60-minute illumination using 300 and 405 nm LED
excitation. The uncertainty of ®, was calculated in agreement with the procedure in Chapter 3. The uncertainties of PLQY
measurements were earlier reported in [243].

6.3 The ®adetermination using singlet oxygen
phosphorescence

The second method is based on measurements of ‘O, phosphorescence, as described in Equation
6.28. The radiative relaxation process from excited 'O, to the ground triplet state (*Aq—°%) yields an
emission at 1,270 nm with a relatively long lifetime (ms-to-s, depending on solvent) [330]. The present
study's primary goal is to compare ®x under the direct excitation of the attached dyes (with 405 nm laser)

and SiNCs (with 317.5 nm laser), with the two chosen wavelengths enabling this selectivity.
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The @, as well as PLQY values of photosensitizers (were used in this work) are tabulated in Table 3. The

¥ = O}

(6.28)

calculation was based on the integrated emission of the known reference material (phen).

Table 3. Singlet oxygen quantum yields data measured using the ®a phosphorescence.

PS a(317.5nm) lem” a(405nm) lom? PLQY,%  @s%' Da %!
phen 0.576 1 0.760 1 — 92 +10" 92 +10"
dye-pl 0.081 0.090 0.760 0.382 52 £ 148 56 £ 25 34+5
dye-p2 0.138 0.111 0.763 0.381 68 + 148 45+ 14 35+5
(C6)-SiNCs 0.780 — 0.773 — 33+ 1% — —
(C6)-(p1)-SiNCs 0.331 0.052 n/a n/a 22+ 1% 9+6 n/a
(C6)-(p2)-SiNCs 0.576 0.213 0.693 0.264 15+ 17 20+5 27+5

fcorresponds to the 317.5 nm excitation; ¥ corresponds to the 405 nm excitation; " reference ®,= 0.95+0.5 (Schmidt et al., 1994) §

PLQY of dyes visible emission integrated in the range of 350-500 nm; ’PLQY of SiNCs NIR emission integrated in the range 650-
1,000 nm; lem was normalized using the emission of O, excited via phen (len= 1 for phen); The uncertainty of @, was calculated
in agreement with Equation 3.12. The uncertainty of PLQY measurements was reported earlier in [246]. The @, for dye-2 under
317.5 excitation is not reported because luminescence of 'O, was too weak.

6.4  Singlet oxygen generation of dye-pl and dye-p2

The photodegradation of phen was found after long-time (1 hour) irradiation of the reference PS
previously described in the first paragraph. Taking into account that the acquisition of *O, luminescence
(using 317.5 nm laser with an intensity of 45 mW) takes approximately 100 seconds, it was considered that
the reference PS as photostable. After knowing that the phen was photostable, 'O, generation was
investigated for dye-p1 and dye-p2. Perylene by itself exhibits a very high PLQY of 94 % in cyclohexane
[331] and is thus a very poor PS. However, perylene derivatives have demonstrated the ability to generate
!0, with a high quantum yield [242, 332, 333]. Figure 6-4b and Figure 6-4d demonstrate the
phosphorescence of *O; generated via photoexcitation of dye-p1 and dye- p2 solutions in cyclohexane via
both 405 nm and 317.5 nm laser excitation. The concentration of solutions with dye-p1, dye-p2, and phen
was adjusted to have similar absorption at the excitation wavelengths (Figure 6-4). The absorption of the

samples Ay, was estimated from absorbance a, using Equation 6.29:
A%, =100% — 10?~%0) (6.29)
where Ay, is % of absorbed light and a, is absorbance measured experimentally.

A calculation using Equation 6.34 gives the value of ®, = 34 +£5% for dye-pl, and ®, =

35+ 5 % for dye-p2 when excited with the 405 nm laser. The results are only about half of &, results
determined using chemical methods. For a possible explanation for this difference, review back to Equation
6.25 and Equation 6.26. There are some potential losses due to energy transfer from O, to the solvent

cyclohexane. The 1O releases energy to the solvent during excitation with a 405 nm laser. Our laser aperture
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is 5 mm and directly hit the sample in the middle of 1 cm fluorescent cuvette, so the excess of solvent might
absorb energy during diffusion of O, in the solution. Measurements with the other excitation wavelength
(317.5 nm) result in very weak *O, phosphorescence with very high uncertainty in ®a = 56:25% (for dye-
pl) and @A =45 + 14 % (for dye — p2) because of the weak dye absorption at 317.5 nm. The results are
lower than the chemical method, and our hypothesis is due to an energy transfer from O, molecules to the

excess of solvents, besides the considerable uncertainty due to the low absorption at ~300 nm.
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Figure 6-4. (a) UV-Vis absorption spectra of solutions of phen (m), dye-pl (e) and dye-p2 (e) in
cyclohexane used for the generation of O, with 405 nm laser; (b) *O2 phosphorescence
excited via irradiation of solutions of phen (m), dye-p1 () and dye-p2 (e)with 405 nm
laser (75 mW); (c) UV-Vis absorption spectra of solutions of phen (m), dye-p1l (e) and dye-
p2 (#) in cyclohexane used for the generation of 'Oz with 317.5 nm laser; (d) 'O
phosphorescence excited via irradiation of solutions of phen (m), dye-pl (e) and dye-p2
(#) with 317.5 nm laser (excitation intensity of 15 mW). The dashed line is representing
the excitation wavelength (317.5 and 405 nm)

The dyes demonstrate unusually large values of ®x together with large values of absolute PLQY
of 52 + 1% and 68 + 1 % measured for dye-pl and dye-p2, respectively. Note that absolute PLQY's were
estimated in the integrating sphere and have higher precision than ®,. To gain insight into 'O,
photosensitization, PLQY for dye solutions prepared inside a glovebox was measured under oxygen-free
conditions. Resulting in PLQY of 80 % for dye-p1 and 98 % for dye- p2, and the obtained result indicates

that photosensitization of O, occurs solely via the excited singlet state in dye-p1 and dye-p2. For dye p1,
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~50 % of the excitation energy was decaying via radiative relaxation, whereas the remainder (~30 %)
transfers the energy to oxygen. It appears that around two-thirds of the excited singlet states relax via the
radiative transition for dye-p2.

In contrast, around one-third of the excited singlets transfer the energy to oxygen molecules.
Earlier, the highest @, of 67 % for perylene-like molecules were reported for rather complicated perylene
derivatives - di-(perylenebisimide) [332]. However, our measurements indicate that a moderate @, of
35 + 5 % can be achieved with the simple molecules, which can be produced without expensive and time-

consuming multistep synthesis.
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Figure 6-5. Photoluminescence of (a) dye-pl and (b) dye-p2 at the temperature of 300 K (black line)
and 20K (grey line). Deconvolution of low-temperature photoluminescence using
Gaussian peaks centred at 610 nm, 670 nm, and 735 nm for dye pl and 673 nm and 735
nm for dye p2 (dash line).

To obtain additional information about triplet states of dye-p1 and dye-p2, the emission spectra
of their glassy solutions (in cyclohexane) were measured at low temperature (20 K). Assuming a small but
non-zero probability of ISC, it was expected to detect phosphorescence of dye-pl and dye-p2 at a low
temperature. Figure 6-5 demonstrates a comparison of PL spectra collected at room temperature and 20 K.
New emission bands appear in the low-temperature spectra with maxima at 670 nm and 735 nm for dye-p1
and 674 nm and 735 nm for dye-p2. The appearance of these bands was attributed to the radiative T1 — Sp
transition. These peaks' position is slightly blue-shifted compared with the position of T state of 800 - 850
nm in the unsubstituted perylene molecule [250]. However, it is highly likely that the dye triplet with the
T1 energy of ~1.7 eV (740 nm) can be excited via the energy transfer process utilizing the energy of SiNCs
with PL in the range 1.2 — 1.9 eV (650 — 1,000 nm).

6.5 Singlet oxygen generation by (C6)-(p1)-SiNCs and (C6)-
(p2)-SINCs

The dyes' chemical reaction with H- SiNCs yields a conjugation product that demonstrates both
components' absorption. The PLE spectra of (C6)-(p1)-SiNCs (Figure 6-5) and (C6)-(p2)-SiNCs (Figure
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6-4) confirm the dye attachment. The excitation of SINCs becomes possible via dye excitation in the range
of 400 — 450 nm, which indicates the very short distance between dyes and SiNCs. In contrast, the physical
mixture of (C6)-SiNCs and the dyes do not demonstrate NIR luminescence when the sample is excited with
blue light (400 — 450 nm).

It should be pointed out that the irradiation of (C6)-(p1)-SiNCs and (C6)-(p2)-SiNCs with 300
or 317.5, and 405 nm lasers excites different species. The 405 nm laser mainly excites the dye molecule
anchored to the surface of SiNCs. In contrast, the 300 or 317.5 nm laser directly excites SiNCs as the dyes
exhibit an absorption minimum at this wavelength. The results of the calculation with Equation 6.28 (using
the data presented in Figure 6-6 and Table 3) indicate that (C6)-(p2)-SiNCs excited with 405 nm laser
generate 10, with da = 27 £ 5 %. This quantum yield is lower than ®a of pure dye-p2. However, the
experiment emphasizes that the (C6)-(p2)-SiNCs conjugate exhibits synergistic behaviour. Under blue light
excitation at room temperature, the nanoparticles demonstrate NIR emission (originating from the SiNCs
core) with PLQY of 15 + 1 % and 'O, generation (originated from the anchored dye). Thus, this new
conjugate can attract photomedicine's potential interest as a new chemical agent combining PS and NIR

phosphor properties.
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Figure 6-6. (a) UV-Vis absorption spectra of solutions of phen (m), (C6)-SiNCs (dash grey) and (C6)-
(p2)-SiNCs () in cyclohexane used for the generation of *O2 with 405 nm laser; (b) 'O»-
phosphorescence via irradiation of solutions of phen (m), (C6)-SiNCs (dash grey) and
(C6)-(p2)-SiNCs (o) with 405 nm laser (excitation intensity of 75 mW); (c) UV-Vis
absorption spectra of solutions of phen (m), (C6)-SiNCs (dash grey), (C6)-(p1)-SiNCs (*)
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and (C6)-(p2)-SiNCs (e) in cyclohexane used for the generation of 102 with 317.5 nm
laser; (d) 102-phosphorescence excited via irradiation of solutions of phen, C6-SiNCs,
C6-1-SiNCs and C6-2-SiNCs with 317.5 nm laser (excitation intensity of 45 mW).

The irradiation of (C6)-(p2)-SiNCs with the 317.5 nm laser should lead to selective excitation
of SiNCs. To the best of our knowledge, the SiNCs synthesized from SiOx are not able to generate *O,.
Indeed, the excitation of (C6)-SiNCs with 317.5 and 405 nm lasers do not produce O, phosphorescence
(Figure 6-6b and Figure 6-6d). However, the excitation of the (C6)-(p2)-SiNCs conjugate with the
317.5 nm laser results in 1O, phosphorescence with @ = 20 +5 %. The enhancement factor (F) of 1O,
oxygen generation with UV light (317.5 nm) for (C6)-(p2)-SiNCs vs. dye-p2 can be determined using
Equation 6.30:

(C6)—1-SiNC
[®4 T [a(C6)—1—SiNCS] (6.30)

[@g°] [aay.]

Where it was assumed that two solutions (C6)-(p2)-SiNCs and dye-p2) were exhibiting similar

‘I)gCG)—(pZ)—SiNCs

F =

absorbance at the 450 nm peak (the indication of similar perylene concentration); and

d)Zye_pz are quantum yields of 1O, generation measured at the 317.5 nm excitation for the (C6)-(p2)-SiNCs

conjugate and dye-p2, respectively; ace)—p2-sincs @Nd Agye—p2 are absorbance of the two solutions at

317.5 nm.

The enhancement factor F = 2.3 indicates that the solution with (C6)-(p2)-SiNCs is able to
produce 2.3 times more 'O, then the solution with dye-p2 with a similar concentration of perylene
chromophore. The calculation of F was performed at 300 nm excitations. Furthermore, the results are
enhancement factor F=2.1 for the solution of (C6)-(p2)-SiNCs and F=0.9 for the solution of (C6)-(p1)-
SiNCs. From F-value, it can be seen that the enhancement factor for (C6)-(p1)-SiNCs was smaller compare
with (C6)-(p2)-SiNCs. Thus, the (C6)-(p2)-SiNCs conjugate demonstrates the ability of efficient O,
generation over an extensive spectral range utilizing the absorption of SiNCs (~300 — 350 nm) and the
absorption of dye-p2 (~350 — 460 nm)[293, 294, 334].

In the previous publication, energy transfer from SiNCs to the triplet state of dye-p1 is found
less efficient. This observation was also confirmed in the experiment with 1O generation. The (C6)-(p1)-
SiNCs conjugate exhibits significantly lower ®x =9+ 6 % under excitation with UV light (317.5 nm)
(Figure 6-7c, d, Table 3), and ®a =15 + 6 % under UV excitation 300nm (Table 2).
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Figure 6-7. (a) The photoluminescence excitation spectrum of (C6)-(p1)-SiNCs conjugate. The
intensity of photoluminescence at 800 nm was measured as a function of the excitation
wavelength. The results indicate that NIR luminescence of SiNCs can be excited via the
excitation of dye-pl. (b) Photoluminescence spectrum of (C6)-(p1)-SiNCs excited at 405
nm. The spectrum consists of weak luminescence of dye-pl (420-500 nm) and strong
luminescence of SiNCs (650 — 1,000 nm), (c) Photoluminescence excitation spectrum of
(C6)-(p2)-SiNCs conjugate. The intensity of photoluminescence at 800 nm was measured
as a function of the excitation wavelength. The results indicate that NIR luminescence of
SiNCs can be excited via the excitation of dye-p2. (d) Photoluminescence spectrum of
(C6)-(p2)-SiNCs excited at 405 nm. The spectrum consists of a weak luminescence of dye-
p2 (420-500 nm) and a strong luminescence of SINCs (650 — 1,000 nm).

6.6 Energy transfer from SiNCs to perylene chromophore

The schematic in Figure 6-8 displays a 'O, generation pathway under UV excitation of (C6)-
(p2)-SiNCs. Under excitation with a 300 and 317.5 nm laser, the crystals emit NIR photons with 860 hm
wavelength. At the same time, the excitation energy can be transferred to the triplet state of the dye. The
triplet state interacts with molecular oxygen. The interaction produces 1O, that emits NIR photons with a

wavelength of 1,270 nm with the overall quantum efficiency of O, production around 20-24%][326].
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Figure 6-8. Schematic showing photosensitization of *0? with SiNCs using the attached dye as a
transmitter for the excitation energy.

Finally, the efficiency of energy transfer (ngr) from the SiNC core to the perylene chromophore
was able to evaluate using ®x calculations. At 300 and 317.5 nm excitations, the efficient energy transfer
can be calculated using Equation 6.31, and the values contained in Table 2 and Table 3:

[q)300nm/317 .5nm [ ;;0nm/317.5nm] [(Dg%nm]

A e
Ner = [P300/317 Snm [ 405mm ] (6.31)

SiNCs

where ngr is energy transfer efficiency from SiNCs to attached dyes, [®3°°""]= 24 % and
[@317-5mm]= 20 % is the quantum yield of 'O, generation by (C6)-(2p)-SiNCs under 300 and 317.5 nm
excitations; [®3°5™™|= 27 % and 50% are the quantum yield of 1O, generation by (C6)-(p2)-SiNCs under
405 nm excitation; [P399"™| = 15% and [P3L75"™]= 24 %, are a part of the excitation light (with a
wavelength of 300 and 317.5 nm) absorbed by the dye; [P33%%™]= 85 % and [PEL:3"™ |= 76 % are part of
the excitation light (with a wavelength of 300 and 317.5 nm) absorbed by the SiNC core.

The calculation of ng; in Equation 6.26 gives a value of 39% and 66 % for (C6)-(p2)-SiNCs
using chemical and phosphorescent methods. Whereas the value of 53% was calculated for (C6)-(p1)-

SiNCs using a chemical method. This value is in agreement with the value of n; of 55 % calculated using
PL lifetimes of the NIR emission of (C6)-SiNCs and (C6)-(p2)-SiNCs nanocrystals[326].
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7 Conclusions and outlook

7.1 Conclusions

To conclude, the SiOy precursor's thermal annealing shows the formation of SiNCs whose
embedded in the silica matrices and can be observed by FTIR and XRD. The crystallite size of embedded
SiNC was ~3.8-4.0 nm determined using the Scherrer method. The silica matrices had been removed by
HF etching to produce H-SiNCs. Longer etching time tended to reduce the particle size of SiNCs. In
addition, NH4F etching at an equivalent fluoride ratio works at a similar rate with HF to etch SiNCs. At the
same time, MeOH/KOH etching methods produce SiNCs whose photophysical properties resemble
ethylene glycol functionalization SiNCs (EG-SiNCs). The photophysical properties of H-SiNCs are not
stable and prone to oxidation. Alkyl functionalization is carried out to passivate the surface of SiNCs,
improve PLQY and photophysical stability, and to prevent the reaction with oxygen molecules. Alkyl
functionalization is performed using hydrosilylation reaction. To my experience, hydrosilylation reaction
using CTH enables to produce (C10)-SiNCs with PLQY value maximum ~26% for one best ensemble of
size separated sample. The size separation via selective precipitation has been used to separate particle size
from ~2.0 nm to ~12.0 nm and monitored by DLS measurement and PL-maxima position. PL-emission of
(C10) functionalized SiNCs locate in the red to near-infrared spectra of electromagnetic radiation (600-
1000 nm wavelength range). The position of PL-maxima of (C10)-SiNCs could be varied and highly
depends on the particle size of SiNCs. Hence, the emission of (C10)-SiNCs are size dependence and
following quantum confinement theory. In the attempt to modify surface coverage in order to enhance
PLQY and photophysical stability, different lengths of alkyl chain length have been anchored covalently to
SiNCs. The reactions were performed using MWH hydrosilylation because it has some advantages
compared with CTH. Hydrosilylation reaction using MWH works faster, and resulting in SINCs have higher
PLQY (PLQY~27% for batch sample) compare with hydrosilylation reaction using CTH (PLQY~5% for
batch sample) of (C10)-SiNCs. MWH in a short time of 20 minutes allows getting Si-NCs with a high
PLQY of ~41% for short alkyl-SiNCs at an emission maximum of ~850 nm. The highest PLQY is achieved
through functionalization with allyl, methyl ether — the shortest ligand among investigated alkenes (C3).
An increase of PLQY in capping with shortest ligands was attributed to reducing long-range electronic-to-
vibrational energy transfer from NCs to matrix vibrational overtones. Furthermore, SiNCs prepared from
silicon monoxide SiO, bear a sufficient number of surface defects associated with deformed Si—O-Si bonds,
which can intrinsically limit the values of PLQY prepared form this type of precursor. Meanwhile, MWH
results in highly luminescent Si-NCs with long shelf-life (> 6 months) at the ambient conditions.

A two-step hydrosilylation reaction performed in an MW reactor allowed us to attach functional
dyes (perylene and BODIPY) to the surface of SiNCs. A low amount of the functional dyes (2 mg) was
used in the hydrosilylation reaction in order to achieve 13-fold absorption enhancement at 440 nm for (C6)-
(p2)-SiNCs (perylene-SiNCs) and 3-fold absorption enchantment at 515 nm for (C6)-(bp)-SiNCs
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(BODIPY-SiNCs). The efficient direct energy transfer from perylene (nper = 99 %) and BODIPY (nper =
99 %) chromophores to SINC was measured. The overall PL enhancement of 280 % and 200 %
demonstrated blue- and green-light excitation of the modified SiNCs, respectively. The synthesis of stable
SiNCs with enhanced NIR PL excited with visible light paves the way for applications of this abundant and

non-toxic material in the field of solar energy harvesting, optical sensing, and bioimaging.

The SiNC-dye conjugates were investigated for the first time within the context of singlet oxygen
generation. The singlet oxygen yield was determined via chemical methods and measurements of singlet
oxygen phosphorescence (at 1,270 nm) in cyclohexane solutions using the comparison with the singlet
oxygen phosphorescence produced by the reference PS — phen. In the chemical method, the ®a values were
estimated for two excitation wavelengths: 300 nm and 405 nm excitations, whereas in the singlet oxygen
phosphorescence method, the ®a values were estimated for two excitation wavelengths: 317.5 nm at 405
nm. The calculation of ®, for the (C6)-(p1)-SiNCs via chemical method exhibits @, =15+ 6% and
=23+ 6% for 300 and 405 nm excitations. Whereas calculation of @, for (C6)-(p2)-SiNCs exhibits
®a= 24 + 6% and @A =50 £ 6% for the same excitations wavelength. Meanwhile, the calculation of (C6)-
(p2)-SiNCs via phosphorescent method exhibits ®a = 27 £ 5% and ®a = 20 + 5% for 405 nm and 317.5 nm
excitations, respectively. Whereas the dye — p1 is a less efficient acceptor for SINCs. As a result, the @4
value of the (C6)-(p1)-SiNCs conjugates is smaller (©a=9 + 6 %) than (C6)-(p2)-SiNCs. Thus, this finding

indicates an enormous potential of the dye modified SiNCs for the production of singlet oxygen.

7.2  Outlook

Finally, many works need to be done in the field of SiNCs research. So far, in our experiences,

some weaknesses could be improved in future work:

1. The commercial silicon monoxide precursor is far from ideal for synthesis because some left-over
internal oxide is embedded inside the structure. From FTIR spectra, it can be observed that the peaks
Si-O at 1,000-1,200 cm* and the characteristics peak Si-O at 1,250 cm™* always appeared in the product.
This embedded oxide was confined in the crystalline structure, so prolonging the etching time does not
work well to remove it. So far, we are not successful in removing it entirely. We proposed that our
PLQY results were below the highest reported value (60%) due to this embedded oxide. It is an
opportunity to look for another precursor or another method to improve the process.

2. High concentration hydrogen fluoride worked fine but working with high concentration HF is very
risky. It is an excellent opportunity to find similar etching chemicals that work as well as HF, but are
safe to handle. We had initiated working with NH4F and KOH, and it is a breakthrough invention to
develop another etching agent.

3. Alkyl functionalized SiNCs with different lengths of carbon atom had worked perfectly in passivating
SiNCs. However, the disadvantage of alkyl-SiNCs is solubility in the polar solvent and water. There are

some reports on micellar embedded alkyl-SiNCs in the protein/water, but the dispersions' PL-emissions
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and stability remain in question. It is an excellent opportunity to have conjugate water-soluble ligands-
SiNCs with high PLQY values and having long-time stability in water. Because in the future, one of the
advancements of SiNCs is in the medical fields. Hence, SiINCs must be soluble/dispersible in water for
medical applications.

4. Thus far, the fabrication of SiNCs is mainly on a laboratory scale. It is an excellent opportunity to scale
up the synthesis in order to accommodate industrial demands. One opportunity is by using ball-mill
synthesis from the element of silicon.

5. Optimized functionalization of dye-SiNCs could be another research field in the future. There are some
reports on the light-harvesting method using dye functionalized SiNCs, the SiNCs based on

upconverting and downconverting materials, and SiNCs based photosensitizers.
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