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Abstract

Abstract

Silicon Nanocrystals (SiNCs) are non-toxic and photoluminescent materials with possible
benefits in a variety of applications. However, native SiNCs tend to aggregate and lose their
photoluminescence (PL) properties. Functionalized surfaces improve the dispersibility of
SiNCs in solvents, stabilize their photoluminescence or facilitate electronic effects. Hybrid
materials with combined single material properties arouse high interest in this scientific field.
Hence, the aim of this thesis was the design of novel SINC-based hybrid materials and therewith
the study of surface grafting procedures.

To prepare thermoresponsive and photoluminescent SiNC based hybrid materials,
polymerization of dialkyl vinylphosphonates was conducted from an ethylene glycol
dimethacrylate network with intercalated SINCs. Group transfer polymerization reactions using
bis(cyclopentadienyl)trimethylsilylmethylyttrium tetrahydrofurane (Cp2Y CH2TMS-thf) with a
variety of molecules were studied. The investigations verified that the surface polymer
concentration is controlled by the deployed catalyst amount. Surface polymerization of diethyl
vinylphosphonate resulted in a water dispersible hybrid material, with stabilized PL and a lower
critical solution temperature close to the physiological range.

The second part of the thesis focused on monitoring the radical initiated hydrosilylation process
on SiNC surfaces. In-situ infrared spectroscopy (IR) studies of the azobisisobutyronitrile
initiated surface grafting of vinylsilanes with tunable steric properties demonstrated that radical
concentration dependent chain processes and bulkiness of the polymers play an important role
during the grafting process. Furthermore, dissolved oligomer radicals were proven to be the
dominant species for the initiation on the Si-H surface. Additionally, the data provided insight
in the break-up mechanism of SiNC agglomerates during functionalization.

In another project, the intercalation of SiNCs into silica aerogels was studied. Triethoxy
vinylsilane was grafted to the SiINC surfaces through radical hydrosilylation. Therefore, the
SiNC surfaces readily reacted to free silanol groups by hydrolysis and condensation reactions.
Two pathways of intercalation were studied: If SINCs were added during the gelation process
enhanced crosslinking of the final aerogels was obtained. In contrast, if SINCs were washed in
the alcogels after gelation, they settled into the pores. The alcogels gained their
superhydrophobic properties by the reaction with trimethylsilylchloride and were subsequently
dried by the supercritical approach (CO2). The obtained aerogels exhibited the size dependent
PL of the SiNCs and had a high surface (~1000 m?/g). They could readily be used to accumulate
and detect very low concentrations of 3-nitrotoluene (270uM) solved in water.

Although this thesis mainly focusses on SiNC grafting, the preparation of oxasilacycles, their
reactivities towards photoacid generators and their uses in polymer chemistry were studied. The
detailed project description can be found as addendum.
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Zusammenfassung

Zusammenfassung:

Die photolumineszierenden Silicium Nanokristalle (SiNK) haben gegeniiber anderen
Halbleiter-Quantenpunkten einige anwendungsspezifische Vorteile, wie zum Beispiel ihre
physiologische Unbedenklichkeit. Jedoch kann durch eine erhdhte Aggregationsneigung ihr
praktischer Nutzen durch unfunktionalisierte Oberfldchen limitiert sein. Dagegen weisen
oberflichenfunktionalisierte SiNKs eine verbesserte Dispergierbarkeit in organischen
Losemitteln und eine stabilisierte Photolumineszenz (PL) auf. Aufgrund eines Zusammenspiels
einzelner Materialeigenschaften kann eine weitere Verbesserung durch Hybridisierung (z.B.
mit Polymeren/Silica) erreicht werden. Daher sollten in dieser Arbeit neue Hybridmaterialien
hergestellt werden und zugrundeliegende Funktionalisierungsprozesse studiert werden.

Zunidchst wurde die Herstellung von thermoresponsiven und photolumineszenten SiNK
basierten Hybridmaterialien untersucht. Dazu wurden die SiNK in ein Netzwerk aus
Ethylenglycoldimethacrylat eingebunden, wovon Dialkylvinylphosphonate katalytisch anhand
einer Gruppen-Transfer-Polymerisation mit Bis(cyclopentadienyl)trimethylsilylmethylyttrium
tetrahydrofuran (Cp2Y CH2TMS:#hf) polymerisiert wurden. Die Untersuchungen ergaben, dass
der Gehalt an Oberflichenpolymer abhingig ist von der eingesetzten Katalysatormenge. Das
anhand von Diethylvinylphosphonat hergestellte Material hatte eine untere kritische
Losungstemperatur in Wasser, wobei die Photolumineszenz der SiNK stabilisiert wurde.

Des Weiteren wurde die radikalischen Hydrosilylierungsreaktion auf Hydrid terminierten SINK
Oberfldachen untersucht. Die anhand von in-situ Infrarotspektroskopie beobachteten Studien
erfolgten mit Azobisisobutyronitril (AIBN) als Radikalinitiator und verschiedenen
Vinylsilanen als Monomere. Die erhaltenen Messergebnisse zeigten zweifellos, dass SiINK-
Aggregate wihrend der Funktionalisierung aufgebrochen werden miissen. Des Weiteren laufen
wihrend der Funktionalisierung Kettenreaktionen ab, deren Geschwindigkeiten mit den
Radikalkonzentrationen korrelieren. Weiterhin hat die Sterik der Monomere einen starken
Einfluss auf die Funktionalisierungsgeschwindigkeit. Aufgrund dieser Erkenntnisse konnte
gefolgert werden, dass Oligomerradikale in Losung wesentlich an der Oberfldcheninitiierung
beteiligt sind.

In einem weiteren Teilprojekt wurde der Einbau von SiNK in Silica Aerogele untersucht.
Triethoxyvinylsilan (TEVS) wurde als hydrolysierbare Oberflichengruppe eingesetzt um eine
kovalente Anbindung der SiNK an die Aerogele zu ermdglichen. Die damit funktionalisierten
SiNK wurden zum Gelierungsgemisch gegeben, wodurch die finalen Aerogele stark vernetzten,
oder in das fertige Lyogel gewaschen, was zu einer Penetration der Poren fiihrte. Die zuletzt
erhaltenen superhydrophoben Aerogele zeigten SiNK-gro3enabhéngige PL und hatten innere
Oberfldchen von ~1000 m?/g. Somit konnte das Hybridmaterial zur Adsorption und Detektion
niedriger Konzentrationen (270 uM) Nitrotoluol aus Wasser genutzt werden.

Dariiber hinaus wurde in einem Nebenprojekt die Synthese von Oxasilacyclen, deren
Reaktivitit mit photoaktiven Bronstedtsduren und deren Einsatz in der Polymerchemie
untersucht. Eine Detaillierte Beschreibung und Zusammenfassung des Projektes kann im
Addendum gefunden werden.
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Abbreviations/Units

Abbreviations

2-VP 2-vinylpyridine

2,6-Br-4-DDB  2,6-bromo-4-decyl-diazobenzene tetrafluoroborate
2-NO-4-DDB  2-nitro-4-decyl-diazobenzene tetrafluoroborate
3-NT 3-nitrotoluene

4-bromo-DB  4-bromo diazobenzene tetrafluoroborate

4-DDB 4-decyl-diazobenzene tetrafluoroborate

AFM atomic force microscopy

AIBN azobisisobutyronitrile

ATR attenuated total reflection

BCF tris(pentafluorophenyl borane)

bipy 2,2'-bipyridine

BPO dibenzoyl peroxide

C12 dodecyl functionalized

CB conducting band

CIE fr.. Commission internationale de [’éclairage

COOH pentanoic acid functionalized

CNT carbon nanotubes

CVD chemical vapor deposition

D dimension

D3/D4/D5 3, 4, 5 membered cyclic dialkylsiloxanes

DAVP dialkyl vinylphosphonates

DEVP diethyl vinylphosphonate

DHP diphenyliodonium hexafluorophosphate

DIT diphenyliodonium triflate

DMAA dimethylacrylamide

DMVP dimethyl vinylphosphonate

dppp, 1,3-bis(diphenylphosphino)propane

DPVP di-n-propyl vinylphosphonates

E energy

EGDM ethylene glycol dimethacrylate

ET electron transfer

FRET fluorescence resonance energy transfer

FT Fourier transfer

HeLa Helena Lax

HMT 6-hydroxyhexyl 3-(methylthio)-2-phenyl-3-thioxopropanoate

HNDPB N-hydroxy-5-norbornene-2,3-dicarboximide perfluoro-1-
butanesulfonate

HOMO highest occupied molecular orbital

IPOx 2-isopropenyl-2-oxazoline

IR infrared spectroscopy

ITO indium tin oxide



Abbreviations/Units

KCTP
LCST
LED
LUMO
MALDI
m-CPBA
MMA

M

MW
NBS
OLED
P3HT
PAG
Panc-1

pc
PDAVP
PDEVP

PDMVP

PDPVP
PDMS-H
PEDOT:PSS
PEG
PEGDM
PETN

PL
poly-TPD
PS

p-Si

QD

RAFT
RDX
REM-GTP
ROP

SAM
SAXS
SEM

SI

SiNC, Si-nc
SiNK
SiNP
SiNR
SiNSs
SINT

reciprocal space

Kumada catalyst transfer polycondensation
lower critical solution temperature

light emitting diode

lowest unoccupied molecular orbital
matrix assisted laser desorption/ionization
meta-chloroperoxybenzoic acid

methyl methacrylate

number average molecular weight

weight average molecular weight

N-bromosuccinimide

organic light emitting diode

poly-3-hexylthiophene

photoacid generator

human pancreas epithel cells

critical pressure

poly(dialkyl vinylphosphonate)

poly(diethyl vinylphosphonate)

poly(dimethyl vinylphosphonate)

poly(di-n-propyl vinylphosphonate)

((15%—18% methylhydrosiloxane)—dimethylsiloxane copolymer)
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
polyethylene glycol

polyethylene glycol dimethacrylate

pentaerythritol tetranitrate

photoluminescence
poly[N,N’-bis(4-butylphenyl)-N,N’-bisphenylbenzidine]
polystyrene

porous silicon

quantum dot

reversible addition-fragmentation chain transfer polymerization
Research Department Explosive (cyclotrimethylene trinitramine)
rare earth metal-mediated group transfer polymerization
ring opening polymerization

self-assembling monolayers

small angle X-ray scattering

scanning electron microscopy

surface-initiated

silicon nanocrystal

silicon nanocrystal (ger. Silicium Nanokristall)

silicon nanoparticle

silicon nanorod

silicon nanosheets

silicon nanotube
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Abbreviations/Units

SINW silicon nanowire/nanowhisper
STM/STS scanning tunneling microscopy/spectroscopy
Tc critical temperature

TEM transmission electron microscopy
TEOS tetraethyl orthosilicate

TEVS triethoxyvinylsilane

THF tetrahydrofurane

TMOS tetramethyl orthosilicate

TMS trimethylsilyl

TMSPM 3-(trimethoxsilyl)propyl methacrylate
TNT trinitro toluene

TOF turnover frequency/time of flight
TOPO trioctylphosphine-oxide

TST triphenylsulfonium triflate

uv ultraviolet

VIS visible

VLS vapor-liquid-solid

VOC volatile organic compound

VSS vapor-solid-solid

XPS X-ray photoelectron spectroscopy
Units

A ampere

A\ watt

ns nanoseconds

us microseconds

% per cent

mg milligram

eV electron volt

°C degree Celsius

atm atmospheres

d days

m meters

g grams

h hours

wt.% weight per cent
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1. Introduction

1. Introduction

Nanotechnology has matured into a widespread field of technologic and synthetic approaches
for the production of smaller and smaller materials and devices. In 1959, when Richard P.
Feynman held his famous talk “There is plenty of room at the bottom”,!!! only a select few
could imagine how nanoscience could impact today’s processes. With his clear proposals,
Feynman pioneered the field and almost all his suggestions have been realized. High resolution
microscopy instruments such as transmission electron microscopes (TEM) and scanning
tunneling microscopes (STM) became powerful tools for structure analyses with high
magnifications and resolutions, and data storage devices have been prototyped using
nanostructures in the sub-10 nm scale, just to name some examples.!>*!

Since the 1970’s, researchers have explored the nanoscience field and contributed to it by
preparing materials in the sub-100 nm regime and elucidating general effects observed only in
the nanoscale. Thus, several structures like mesoporous solids (e.g. mesoporous silica),
cylindrical nanorods (e.g. carbon nanotubes), 2 dimensional (D) sheets (e.g. graphene) and
particles with various shapes were realized by the usage of insulating, semiconductive, or
conductive elements and chemical composites. Meanwhile nanoparticles have been widely
tested and prototyped in various applications. For example, insulating silica nanoparticles can
be used for drug delivery and release,* titanium nanoparticles exhibit photocatalytic surface
activities”), metallic platinum or gold nanoparticles are useful in catalysis,'® and semiconductor
nanoparticles of Ge or Si have been prototyped in photovoltaics.!”!

In the broad field of nanoparticle science, semiconductor nanoparticles (also known as quantum
dots, QDs) consistent of group II-VI, IV-VI and III-V elements (e.g. CdAs, CdS or InGaAs)
are of special interest, since they exhibit unique optoelectronic properties (e.g.
photoluminescence, PL). Often, irradiation is responsible for the generation of excitons in
several semiconductor materials. Thus, electron-hole pairs form if the energy of the incident
light is greater than the band gap between the semiconductor’s valence and conduction band.
In quantum dots, energy levels within the band gaps become discrete levels and the band gap
becomes size dependent, as the exciton mobility is strictly confined in the nanoscale by the
Bohr radius of the electron-hole pair.®! If smaller than the Bohr radius, particles exhibit
photoluminescence in the visible region from recombination of the excitons. These properties
make QDs suitable in a variety of applications: As promising alternatives to bulk materials,
QDs have been tested in photon conversion devices such as solar cells or solar fuels, since
tunneling effects allow electron transfer to matrix materials (e. g. conducting polymers)."’
Furthermore, due to their small sizes and PL, QDs can be useful for in vivo cancer targeting and
imaging agents!'% and as efficient sensors for the detection of chemicals and biochemical
molecules.!''l However, binary semiconductor QDs such as CdSe, CdS or CdAs exhibit acute
cytotoxic behavior due to a low electrochemical stability and the consecutive release of toxic
ions.[1?!
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Silicon Nanocrystals (SiNCs) have emerged as non-toxic and electrochemically stable
alternatives.['*! Although bulk Si is an indirect semiconductor and the band gap optical
transition is dipole forbidden,!*!*! exciton recombination in SiNCs below the Bohr radius
(~5 nm) occurs through quantum confinement effects which results in PL in the visible
region.'’! However, in an unmodified form, SiNC surfaces are prone to oxidation and
aggregation, and PL quenching is likely to occur from external influences.['”-'8) Hence, to adapt
SiNCs to the requirements of their applications, surface functionalization is one of the major
approaches to render them dispersible and to stabilize them. Modern approaches include the
generation of SINC hybrids and composite materials.

In this thesis, the recent developments in the generation of a thermoresponsive and
photoluminescent diethylvinylphosphonate coated SINC hybrid material, and the attachment of
SiNCs to silica aerogels as optical sensors, as well as in-situ IR studies regarding the radical
grafting of SiNCs with vinylsilanes are summarized and set in the context of today’s SiNC field.
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2. Background

2.1.Overview: Silicon-based Nanomaterials

For more than half a century silicon has been known as the dominant element for applications
in photovoltaics, electronics and microelectronics.!”) The importance of this group IV element
is demonstrated by its world production of about 8 million tons.!?’! Silicon in its elemental form
is prepared from reduction of SiO2 with coal (Scheme 1). Due to several impurities, purification
is performed by thermal oxidation with HCIl and distillation of the HSiCls previous to the
reduction step with pure hydrogen. Further purification by Czochralski process or zone melting
gives highly pure and crystalline silicon.!""]

a) Sio, + 2¢ —2C . 5 + 2cO0
b) Si + 2HCI ———» HSICly + H,
c) HSiCls + Hy —=C > Si + 3HCI

Scheme 1. General strategy for the preparation of pure silicon a) Technical reduction of SiO, b) Synthesis of trichlorosilane
from HCI and subsequent distillation, c) Formation of pure silicon by hydrogen reduction of trichlorosilane.l”’]

Although silicon wafers are incorporated in most of the electronic devices and solar cells,
several drawbacks are attributed to its bulk form: Silicon surfaces are prone to native oxidation.
Furthermore, due to the inherent indirect nature of silicon, exciton recombination and transfer
is dipole forbidden and the introduction of selected impurities (also known as doping) is
required to adjust the properties and allow exciton recombination through the dopant. In
addition, a demand for smaller and smaller devices is hindered by technical top-down
approaches (e.g. milling) and the selectivity to form uniform structures based on bulk silicon
reaches its limits.?!]

To overcome oxidation, surface functionalization strategies including catalyzed (Karstedt’s
catalyst),[*?! radically initiated,***! electrochemical,'*! catalyst free (thermal, photochemical,
Grignard- or organolithium compounds),”?*?’! and halogenation methods'?®2°! have been
introduced.?!! The development of various silicon nanomaterials and nanostructured materials
instigated a boom in the field with the aim to negotiate the limitations of the bulk material
(Figure 1). For semiconductor nanomaterials quantum confinement effects emerge a modern
pathway towards unprecedented optoelectronic properties.['®2!13%  Furthermore, silicon
nanomaterials are proposed to enhance the construction of smaller and more defined devices
due to their small sizes.['®! Nanostructured 3 dimensional (D) and 2, 1 or 0 D Si nanomaterials
have been prototyped in sensing (e.g. chemical or biological sensing),*!334 bioimaging,!>>*!]
catalysis,[**%] solar and photovoltaic applications,***! light emitting diodes or other
optoelectronic devices,**#’#] (thin film) transistors,*” as anode material in lithium-ion

batteries>*3!'3% and in many more promising applications 821355
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Figure 1. Overview of silicon nanostructures.*3738 Reproduced and adapted with permission from references 21, 57, 58.
Copyright 2002, 2015 American Chemical Society; 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Porous silicon (p-Si) is one of the earliest, and probably most examined example of a silicon
nanostructure. It can easily be obtained by galvanostatic,®” chemical®®! or photochemical
etching!®!! of Si (100) wafers, without changing the 3 D macroscopic morphology.l®>$3] By
discovering PL from p-Si, Canham kicked-off the investigation of the fascinating properties of
Si nanomaterials.!% This unprecedented feature was later reported for 1 D nanowires and 0 D
nanocrystallites (2 nm in diameter), which also undergo quantum confinement effects.2!:62:6%]
In addition to PL, the discovery of chemiluminescence and electroluminescence of p-Si has
widened the range of possible applications towards chemical or biological sensing, or light
emitting diodes (LED).[®! However, to prevent quenching of the p-Si luminescence by
oxidation and defects, surface functionalization is of higher importance, than for bulk Si.l*!!
Passivation of p-Si requires similar protocols as the functionalization of bulk Si. Though, a
general tendency towards higher surface reactivity of p-Si has been observed.!!!

Magnesiothermic reduction has recently been presented as a very selective and efficient method
for the transformation of various kinds of porous silica micro- and nanostructures to their 3 D
silicon analogues. In 2007, Bao ef al. succeeded in the preparation of silicon diatom frustules
from their natural silica precursors.[®”] In addition to the silica precursor, the reaction process
requires magnesium as a reducing agent. During heating at 600 — 700°C, magnesium migrates
to the vapor phase, penetrates the silica structure and reacts readily with the oxygen.!®®]
However, if Mg is added in high excess, Mg:Si, (in the presence of carbon SiC) can form as
side products; thus, the products require post-treatment with HCI (to remove Mg>Si) and HF
(removal of unreacted silica).l”-%°l Besides diatom frustules, several other porous, mesoporous,
bioinspired and naturally abundant silica structures could be transformed/reduced to
silicon.[87%71) Also, some of the nanodomains emit PL in the visible region due to quantum

confinement effects. Thus, the magnesiothermic reduction approach has high potential in the
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[71] [72]

generation of customized solutions, as already shown in drug delivery, or the

preparation of battery anode materials.>*

sensing,

Going down the road of sizes, the two-dimensional silicon nanosheets (SiNSs) or layered
polysilanes have emerged as interesting 2D materials (Figure 1). SiNSs can be obtained from
different methods, such as magnesiothermic reduction from SiO2,l”3] growth on support by
chemical vapor deposition (CVD),"¥ or chemical exfoliation from CaSiz (Scheme 2).[7>7¢]
Structurally, SiNSs have characteristic layers of Si atoms with thicknesses in the nano-scale
and sheet sizes up to the micro scale.’””] They consist of 6 membered ring structures with
hydride atoms standing out of the plane (Si6H6) [78] The layered characteristics make them
promising for uses in field effect transistors,!””! photovoltaics®®! or as anode materials in Li-ion
batteries. 8

Hij o
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Scheme 2. Chemical exfoliation of hydride terminated SiNSs from calcium silicide.’*7% Reproduced and adapted with
permission from reference 58. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Compared to other Si nanomaterials, SiNSs exhibit different optoelectronic properties, such as
an absorption edge, which depends on the thickness of the SiNSs stacking,®!! or an enhanced
direct band gap transition.>>#? Theoretical studies remark that SiNSs’ band gap is tunable by
physical strain,®] the degree of hydrogenation or functionalization with heteroatoms,’®* and
surface passivation.®3] Although it is very important to prevent surface oxidation, enhance
dispersibility in organic solvents and to break up the stacked structures,’*®! only a few methods
on surface functionalization of SiNSs have been presented so far. Attachment of
n-alkylamines, %) Pt catalyzed hydrosilylation® and surface reactions with
phenylmagnesiumbromide!””! have been established to stabilize SiNSs. However, these
methods lead to blue-shifting or quenching of the PL. Recently, Helbich et al. have shown that
hydride terminated SiNSs react readily under thermal conditions (T = 130°C) or in the presence
of a diazonium salt with alkenes and alkynes, with stabilization of the PL at about 500 nm.®
SiNS were further surface grafted with polymers like polystyrene, poly(methyl methacrylate)
and poly(acrylic acid), which protected them from decomposition by ultraviolet (UV) light or

bases. 58]

ID structures have generated scientific interest as further promising Si nanomaterials
(Figure 1). They have cylindrical structures with diameters of a few nanometers and lengths of
up to several micrometers. In general 1D Si nanostructures are classified as silicon nanorods
(SiNR), silicon nanowires or -whiskers (SiNWs) and silicon nanotubes (SiNTs) with
remarkable structural differences.l>> SiNRs and SiNWs, which differ in the aspect ratios of
diameter to length, have emerged as non-hollow structures with diameter of less than 100 nm,
while SiNTs have emerged as carbon nanotube (CNT) analogous silicon material.[>8-0]
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Most challenging for the preparation of 1 D Si nanostructures is the directed growth along one
axis.”!l' Thus, several procedures follow templated or catalytic pathways with metal
particles.’>?1 Vapor-liquid-solid (VLS)®**¥ and vapor-solid-solid (VSS)®! syntheses have
often been applied for the preparation of SINWSs. The procedure follows adsorption of a silicon
precursor (e.g. SiHs) to a surface of molten metal nanoparticles, diffusion of Si through the
liquid alloy to a sink, crystallization at the liquid solid interface and finally lateral SINW
growth.>94 As further preparation methods, high temperature laser ablation,?
growth®”), molecular-beam epitaxy growth! and solution-based methods (e.g. supercritical-
liquid-solid method)?39-100-10L1021 haye been discussed in literature. More convenient solution-
based methods for SiNR preparation have recently been shown by Korgel et ql.[>7-90:103.104]
Thereby, syntheses were conducted in squalane using silanes as substrates, Au or Sn
nanocrystals as seeds and dodecylamine as ligand at 420 °C. Although gold seeds could be
removed by aqua regia, SiNRs have been obtained with high amounts of surface oxide.['®*] Sn
particle based synthesis of SiNRs and removal of Sn particles and dodecylamine, and

subsequent hydrosilylation of the Si-H surface with octadecene yielded photoluminescent 1 D
57,104]

% oxide-assisted

nanomaterials.!

Emerging from their hollow structure, synthetic pathways for SiNTs follow complex protocols,
especially since single wall SiNTs could not be obtained from roll up of the graphene analogue
SiNSs yet.[>> Thus, a more precise definition of SiNTs would be hollow SiNWs.[°!l SiNTs are
attractive materials, as they are predicted to exhibit very intense PL in comparison to
SiNWs.!1%] Although theoretical calculations highlighting possible structures and properties for
single wall SiNTs have been examined by several authors,!'%! practical preparation approaches
are very challenging compared to other silicon nanostructures.*>! Hence, closed-capped SiNTs
have been obtained from self-organized, catalyst-free synthesis under high pressure and
temperature conditions using silicon monoxide as precursor,!'%7! thin SiNTs were obtained from
high purity Si-powder in gas phase under arc discharge conditions,!'® and templated or
template replication methods resulted in SiNTs with various characteristics.l!”! However,
SiNTs did not find their way into practical approaches so far.

Silicon Nanocrystals (SiNCs), which are also referred to as Si quantum dots (QDs),*®! are most
promising amongst the Silicon nanomaterials due to their size-dependent optoelectronic
properties. Due to their small sizes, they are categorized as 0 D silicon with crystalline
arrangement in diamond lattice (Figure 1). A variety of preparation'® and surface
functionalization methods have been presented in the literature with the aim to prevent
oxidation, tune the PL properties and render them dispersible in various solvents.!'33 SiNC
preparation, surface chemistry as well as the preparation of hybrid and composite materials will
be discussed in more detail in this thesis.
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2.2. Properties of Silicon Quantum Dots

As mentioned in the previous section Silicon nanomaterials and in particular Silicon quantum
dots exhibit unique optoelectronic properties, namely photo- and electroluminescence, making
them promising materials in semiconductor industries, sensing or in biomedical
applications.!'%!836] SiNCs are well suitable for such uses due to their low toxicity,!°
biocompatibility,*!) electrochemical stability!!'!] and a low rate of photobleaching.!*”]

1 good

Silicon is generally known as indirect semiconductor - whereby the minimum of the conducting
band and the maximum of the valence band are shifted along the k-axis - with a band gap energy
difference of ~1.1 eV.!!*!12l Band gap transition in an indirect band gap semiconductor is only
possible by the contribution of a momentum change in the k-space induced by a phonon.!!!3]
This momentum change cannot be achieved by a photon, since its momentum is negligible.
Thus, for bulk silicon the direct band gap transition is only possible by crystal lattice defects
emitting or absorbing a phonon. Such lattice defects in many cases can be created by doping of
silicon by various elements (e.g. B, N, P, Li, Sb).l'"* However, photoluminescence from
radiative recombination of excitons is not likely to be induced and non-radiative recombination
mechanisms have higher probabilities.!''?!

c)
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Figure 2. Schematic illustration of the band structure of bulk silicon (a) and nanosilicon regarding quantum confinement effects
(¢). Development of the band gap and illustration of the change in the band structure towards pseudo concrete levels with
decreasing size of the silicon structure (b). VB: valence band; CB: conducting band; k: reciprocal space; E(k): energy.[11>11°]

Although SiNCs are also indirect semiconductor materials, they exhibit PL without the
presence/addition of dopants. Electron transfer from the valence band into the conduction band
and recombination does not require the generation of a phonon in the k-vector (Figure 2 ¢). This
is due to the confinement of the excitons in a nanoscale semiconductor with a diameter below
the Bohr exciton radius (~ 4.3 nm).[%!161 Hence, the band energies get discrete energy levels
and exciton recombination is allowed to take place by radiative recombination. Furthermore,
due to the quantum confinement effect, band gap energies become size dependent, e.g. they
increase with decreasing SiNC sizes (Figure 2 b).l'¢! This is evidenced by the size dependent
reactivity and PL exhibited (Figure 3).[16:117-119]
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Figure 3. H-SiNC size dependent PL emission spectra (excitation wavelength is 350 nm).['% Reproduced and adapted with
permission from reference 16. Copyright 2006 The Royal Society of Chemistry.

Another important property is the high surface to volume ratio. Avramov et al. were recently
able to calculate the amount of surface atoms of a 2 nm Si icosahedron, which consisted of
280 atoms with 120 surface atoms, a ratio of 43 %.[12Y1 As generally known, surfaces and
interfaces have higher free energy, than the materials’ cores or bulks.['?!) Thus, energies of
nanoparticle surfaces are tremendously enhanced with an increasing ratio of surface to bulk
atoms (and vice versa). Both, surface chemistry and size of the SiNCs can influence the final
properties independently.['”-'22] Hence, upon alkyl passivation band gap energies can slightly
change or surface engineering with heteroatoms can greatly influence the final optoelectronic
properties.'?3124] Therefore, an understanding of surface chemistry and physics is highly
important and needs to be carefully evaluated for surface engineering.

23



2. Background

2.3. Strategies for the Preparation of Silicon Nanocrystals

Silicon nanocrystals can be obtained by various methods, which are basically different than
other Si nanomaterials. In principle properties like size, morphology control over crystallinity
as well as surface functionalities play a major role for the choice of the appropriate synthesis

[16.18] Two fundamental preparation strategies have been followed (Scheme 3): Bottom-

route.
up methods have most often been based on Si(IV) precursors, while top down approaches have
emerged from the size reduction of macroscale Si(0) primary stages. The most common
procedures can be classified in silicon halide or alkoxide reduction, metal silicide oxidation,
silane decomposition and thermal disproportionation of silicon rich oxide.'8! Furthermore,
several top-down approaches regarding the preparation of Si nanoparticles from p-Si by
sonication or pulverization have been described.['>) However, by physical approaches, nano-
and micrometer particles are often obtained in broad size distributions. In addition, such
procedures allow low morphology-control and PL arises from 0D and 1D structures embedded

in these porous Si nanoparticles,'®! which are not discussed in detail.

R
R R
Molecular bottom-up > l./ top-down  Sj(0)-Precursor
Si(IV)-Precursor =———— R_/S'\_R (p-Si, Si wafer...)
R | R
R
R=0,Cl,Br, H

Scheme 3. General preparation strategies for SiNCs.

2.3.1. SiNC Preparation in Solution and Dispersion

Solution based protocols describe attractive methods for the preparation of SiNCs, with
comparatively high yields and promising control over particle sizes and surface chemistry.['®]
In 1992, Heath investigated a method for the reduction of a mixture of SiCls and RSiCl3 (R =H
or n-octyl) by heterogeneously dispersed sodium (Scheme 4).[12%] Reaction conditions required
high temperatures (385 °C), high pressures (>100 atm) and long reaction times (5-7 d). This
preparation procedure resulted in crystalline Si nanoparticles with broad size-distribution
(3-9 nm) and mixed surfaces (Si-H, Si-O and Si-Cl). Using ultrasonication Dhas et al. simulated
the high pressure conditions and could achieve a reduction of tetraethyl orthosilicate (TEOS)
and SiCls to Si(0) by colloidal Na-dispersion in toluene at -70 °C.['>”) Subsequent annealing
yielded agglomerated silicon nanoparticles with 2-5 nm sizes and diamond lattice. Furthermore,
the co-reduction of a silicon precursor (SiCls) in the presence of PCls by magnesium powder
and surface functionalization via a Grignard reagent can be used to obtain 2-12 nm phosphorus
doped and alkyl terminated Si nanoparticles.!'?*!

Besides the heterogeneous conditions, the use of LiAlH4 resulted in a more monodisperse
dispersions for the preparation of silicon nanoparticles (Scheme 4). Similar to the generation of

24



2. Background

pyrophoric silanes by reduction of SiCls with LiAlH4,1'?°! Wilcoxon et al. yielded 2-10 nm
crystalline Si nanoparticles in an inverse micellar emulsion; however, no evidence of surface
functionality of the nanoparticles has been given.!'*" Later, an adaption of the LiAIH4 reduction
allowed Tilley et al. to prepare small and monodispersed SiNCs, presumably equipped with

hydride surface groups, as was evidenced by Si-H reactivities in the final products.[”:131-133]
H
X x o o
» metal reducing i SiXs | hydride (e.g. LIAIH,) _ H—Si’—H
X—/Sll\—X agent(eg.Na) | x=c| pr | surfactant g J | N
] ! H H
X" X i’

Scheme 4. Schematic illustration of the SiNC formation by metal or hydride reduction of silicon halide precursors.[1%185%

Sodium naphthalenide as reducing agent for SiCls4 in glyme gave promising results with regard
to varied sizes, surface chemistry and shape control of SiNCs.[!*4136] By this pathway chloro-
terminated SiNCs could be obtained, which were readily reacted with methanol'*¢! or
octanol.'3%! Thus extracted 4.51 nm (standard deviation, ¢ = 1.1) SiNCs had alkoxy surface
groups and could undergo further surface functionalization.['**] Additionally, alkyl terminated
tetrahedral SiNCs in the size range of 40—80 nm could be prepared by Na-naphthalenide

reduction and post modification by n-butyllithium.!37]
H
X\)|(/X SiX " Metal- | NH,B "\ N
_ (el 1X4 ! etal- ! i=1§ -
X /SII\ X X=Cl. Br | silicide ! H /sl"\ H
---------- H | H
X X X H

Scheme 5. Schematic illustration of the SiNC formation by metal silicide oxidation reaction.[16183%

Yet another solution-based approach towards the generation of SiNCs is the application of Zintl
salts of the form ASi (A = Na, K, Mg) obtained from high temperature reactions of metals with
silicon (Scheme 5).'8! Zintl salts can either be used for the reduction of SiCls or directly be
converted into SiNCs. In 1996 Bley ef al. reduced SiCls by KSi in glyme to generate small
amounts of freestanding SiNCs.!'*¥! The powder obtained by this reaction consisted of
amorphous material containing several silicon nanoparticles with diamond lattice properties. It
was found that such SiNCs bear chloride surfaces, which could be reacted with methanol.
Kauzlarich et al. further demonstrated that besides KSi, NaSil!**! as well as the less reactive
Mg,Sill4%141] are also suitable precursors for the preparation of SiNCs, although no size
distribution data and limited information was given regarding their surface chemistry.
Subsequently, Liu et al. proposed that Br: oxidation of Mg:Si gave crystalline silicon
particles,!*!! which was later confirmed by Pettigrew et al.l'**! Although isolation of particles
could not be reported, transmission electron microscopy (TEM) analysis revealed SiNCs of
about 4.8 nm in diameter with crystalline cores. A direct preparation of SiNCs from
ultrasonication of NaSi was investigated by Lee et al.l'**] SINC particle sizes were at about
1-5 nm and blue or white light emission could be adjusted by the ultrasonication time. As
further precursor method, reductive thermolysis of N, N’-di-tert-butyl-1,3-diaza-2,2-dichloro-
2-silacyclopentane by elemental lithium in trioctylphosphine oxide (TOPO) gave TOPO-
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capped SiNCs (5.2 nm + 1.2 nm). By using this method, SiNC surfaces could not be liberated
from the surface ligand and the surface could not be tailored further.['*

2.3.2. Precursor Decomposition and Reassembly

Due to the good availability of precursors and the utility of the method, solution syntheses have
promising prospects for the preparation of silicon nanoparticles (SiNPs) in mostly high
yields.['®! However, arising from the harsh conditions or pyrophoric educts, syntheses are
delimited to low SiNP concentrations and surface treatment procedures are scarce or require
multiple preparation steps. Milder approaches conduct precursor decomposition and
reassembly methods like synthesis in supercritical fluids, laser pyrolysis, or plasma
synthesis.[*®!

Thermal synthesis of SiNPs in supercritical fluids has already been shown in 2001 by Holmes
et al'"® The procedure ran via thermal degradation of diphenylsilane in a supercritical
octanol/hexanes mixture with low yields. Due to size control arising from the variation of the
octanol (or octanethiol) to silane ratio, the authors concluded, that the reaction is effectively
quenched and surface functionalized by the ligand.['*>14¢) Hence, well passivated and high
quantum yield SiNCs above 1.5 nm could be achieved with narrow size distributions, which
became broader with increasing mean particle sizes. Furthermore, SiNCs were produced by

thermolysis achieved by microwave heating of SiNWs in glutaric acid as precursor
Species_[99,101,102,147]

An extensively used procedure for the preparation of SINCs has been the high temperature gas
phase pyrolysis, with mainly SiH4 aerosols used as precursor (Scheme 6).113¢! This procedure
has first been performed by Murthy et al. in 1976, who were able to synthesize crystalline and
octahedral 30-80 nm Si particles.'*®) In the early stage of SiNC sciences, this method has
become a promising alternative preparation protocol being adapted by several research groups;

particularly since it allowed for the size control of surface oxidized SiNCs.!!415:14]
H N T /H
. pyrolysis/ . HF/HNO _ (el
SiHy4 —p%nya]—> Si)y ———— H /S|I\ H
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Scheme 6. Schematic illustration of the SiNC formation by pyrolysis or plasma induced silane decomposition.[161856

Further development in silane pyrolysis methods could be achieved by the use of a high power
CO:2 laser, as was investigated by Cannon in 1982.15%131] Dye to high temperatures of up to
1000°C, SiNCs have formed in the area, where the laser beam was intersected with
silane.['3%1511 Although this method has been varied by several scientists,!!>?! only Huisken et al.
could gain significant PL upon etching with HF.['3] Laser induced pyrolysis of SiH4 aerosols
have been used for the preparation of large quantities of silicon nanoclusters (~20-200 mg) up
to 50 nm (Scheme 6).[111%154155] Subsequently, freestanding SiNCs with tunable color and

quantum yields of ~2-39 % could be obtained from size selective etching with HF and HNOs.
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Non-thermal plasma synthesis is a mild alternative for the formation of freestanding SiNCs
compared to thermolysis procedures.**!13® By dissociation of precursor molecules (e.g. SiHa)
by “hot” electrons, nucleation and subsequent growth of the particle cores from anion-molecule
interactions is initiated. Particle growth can be stopped in plasm synthesis, since electrons can
readily attach to the positively charged and unsaturated SinHm clusters and confine them in the
plasma.l'>®! Plasma synthesis has been used so far by several groups for the preparation of
freestanding SiNCs from a few to several tens of nanometers with mainly Si-H surfaces, which
are prone to oxidation.!'>”158! The Jurbergs et al. approach yielded in freestanding SiNCs with
quantum yields up to 60 %.157! The plasma induced method has furthermore been modified,
e.g. by using a microwave discharger operating at reduced pressure,!'>*! or under atmospheric
conditions. 6%
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2.3.3. Pyrolysis of Silicon Rich Oxides

le) H H
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g 1100°C, 1 h S S S @i 1h SN

H | H
_ H
(HSiO1 5)n

Scheme 7. General procedure for the generation of hydride terminated SiNCs, established by Veinot et al.: Thermal annealing
and HF etching.[16161.162]

Thermal annealing of silicon rich oxides (SiOx; SRO)!'*!%4 and polymeric hydrogen
silsesquioxanes (HSQ)!!! bearing the structure (HSiO3/2)n has been performed as probably the
most promising and suitable method for the formation of SINCs (Scheme 7). Preparation occurs
under solvent free conditions and in a high temperature furnace (e.g. laser pyrolysis and plasma
syntheses require complex apertures).

2 HSIiO4 5 — >  HSi0O + SiO,
250 - 350°C H,SIO + HSIOy5 —>» SiO, H3SiOg 5
H3Si00'5 + HS|O15 e S|02 + S|H4

-+

4 HSIO; 5 — >  3Si0, + SiH,
- 450° .
350 - 450°C SiH, . s + 2H,
<900°C low valent silicon species in SiO, matrix
<1000°C crystallization and formation of nano domains

Scheme 8. Stages of thermal HSQ disproportionation and formation of SiNCs under reducing or inert atmosphere.[161:162.165]

The annealing procedure requires temperatures above 1000 °C and is mostly performed under
reducing atmosphere (4% H2/96% N2).'1] During the heating phase, disproportionation of
polymeric HSQ occurs at 250 — 450 °C, whereby elemental Si starts forming at 350 °C
(Scheme 8), which arranges to low valent silicon species.!'®"!¢2] Crystallization of Si and the
formation of Si(0) nanodomains runs above 1000 °C (Scheme 8).['%?1 Thus, SiNCs with a
diameter of 3.3 nm could be obtained from annealing of HSQ at 1100 °C for 1 h. Particle sizes
were controlled from changing temperatures (e.g. bigger nanocrystals were synthesized at
elevated temperatures) or by the introduction of terminal methyl groups to the HSQ
(HSiO1.5)n(CH3SiO1.5)m (m<<n, m+n = 1), which act as network modifiers.['6>19] In both cases
diffusion rates of Si in the SiOx matrix are enhanced. Longer reaction times gave a
comparatively low influence on the growth rate of SiNCs; however, Yang ef al. were able to
obtain cubic SiNCs upon sintering of HSQ for 20 h at 1300°C.['%6] The rearrangement of SiNC
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morphologies from spheric to cubic has probably emerged from reduction of their surface
energies.

SiO, + 4 HF ——> 2H,0 + SiFy
SiO, + 6 HF ——> 2H,0 + H,SiFq

Scheme 9. Etching of the silicon dioxide matrix by hydrofluoric acid.!"’]

HF etching of the silica matrix is performed to liberate the SiNCs from the silica matrix and to
generate hydride surface groups (Scheme 9).['%%] The SiO: etching mechanism proceeds
through four sequential steps, in which water and HF are proposed to attack concertedly at the
respective Si center.['®”] Hence, water plays a catalytic role in the etching process of SiO2 and
enhances the rate of the nucleophilic attack. The formed SiF4 reacts readily with an excess of
HF to hexafluoro silicic acid or hydrolyses with water, and the SiINC surfaces eventually
become fluorine terminated.!'¢”! Further attack of HF on the surface Si atoms forms a hydride
terminated surface and SiF4 (Scheme 10).l!-168] The raised ionic character of the Si-F bond
(arising from the high electronegativity of the fluoride) strongly polarizes the Si-Si bonds
(Scheme 10).1%) Thus, the insertion of HF in the surface Si-Si bond leads to a fluorination of
the surface silicon atom and a protonation of the second layer. For SiNCs, the pyrolysis and HF
etching procedure renders an efficient pathway to the generation of hydride terminated SiNCs,
which are then suitable for surface modification by hydrosilylation or other procedures.!?!

Fo- . F F

| HF N\ HF R T HF H H H

Sig¢ ——» Si H —>» Si g —> | 1 1 + Sif,

RN /N |0 Si—Si—Si
Si—si—sid- Si—Si—Si Si—Si—Si

Scheme 10. Schematic illustration of the H passivation mechanism on Si surfaces.[15
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2.4. Surface Functionalization, Postmodification and Polymerization

170,171,172] as SCHSOTS,[31’32] in

The potential use of SiNCs in various applications like solar cells,!
biological imaging,>>3%°¢ in battery anode materials,'52!73-175 and in light emitting
diodes!4748176-1781 engages the interest of many researchers. Devices have been prototyped with
only limited success using SiNCs, bearing a native oxide layer.['®!83¢171] Unfunctionalized
SiNCs tend to aggregate, are hardly dispersible in any solvents and often do not exhibit PL upon
UV excitation. HF etching of the oxide layer can help to overcome these issues;!'®!
fast oxidation still occurs via various pathways afterwards and thus SiNC properties

change.['?*!7] Oxidation could easily be followed by a blue shift of the PL.['*"]

I'however,

To obtain sustainable answers to this problem, surface grafting strategies have been developed
in the last few years. Strategies for functionalizing SiNCs involve the formation of Si-C bonds
(e.g. by hydrosilylation approaches), the modification of selectively oxidized SiNCs and the
formation or application of heteroatoms.[!®!86] Fyrthermore, post modification and the
preparation of hybrid materials is discussed to entirely illuminate the field of SiNC surface
chemistry.

2.4.1. Hydrosilylation: Various Approaches on SiNC Surfaces

Hydrosilylation is one of the most dominating methods for the formation of Si-C bonds, as it is
well established in molecular and polymer chemistry.!'®%! In general it describes the reaction of
a Si-H group with an alkene or an alkyne (Scheme 11). Mostly metal catalysts or radical
initiators are used.['®"] On silicon or porous silicon surfaces, hydrosilylation is well-studied,
too.21231811 Thys, several SiNC grafting approaches are based on these procedures, albeit with
significant modifications.

o R ___ R
a) Si—H + —/ Sl_/_

b) Si—H + =R ,Si_//mR

Scheme 11. Hydrosilylation reaction with a) alkenes and b) alkynes.

Platinum catalyzed hydrosilylation reactions on Si-H terminated surfaces are a powerful tool
for a selective grafting of olefins at room temperature.['*!-133:182] Reactions usually require
H2PtCle and follow the generally accepted Chalk-Harrod mechanism with is characteristic steps
(Scheme 12): Oxidative addition, alkene coordination and insertion, and eliminative re-
duction [183-184]
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Scheme 12. Chalk-Harrod mechanism of hydrosilylation reactions with d® and d'’ metal complexes.[83184]

Arising from the mechanism, presumably monolayers are formed on the SiNC surfaces and a
remarkable variety of substrates are tolerated (e.g. -NH2, -COOH, alkyl, alkenyl).3%13!1-
133.185.186] However, the use of transition metals is limited by some issues; e.g. the removal of
the catalyst is difficult and SINC properties can change dramatically, which can result in a PL
shift or quench.'8”! Catalyst free methods are elegant hydrosilylation tools without influencing
the SINC properties. Yu ef al. found a way of functionalizing hydride terminated SiNCs at room
temperature with bifunctional alkenes bearing distal ethylester, methylester and carboxylic acid
moieties.['3® The authors state, that the mechanism is similar to the functionalization in the
presence of Lewis acids (e.g. Et2AICl), which catalyze the insertion of alkenes and alkynes into
the Si-H bond by the formation of electropositive adducts.['® Effectively, the nucleophilic ester
carbonyl group coordinates to the Si surface, which increases the reactivity of the Si-H to the
alkene end of another molecule (Scheme 13). The reactivity increased with decreasing SINC
sizes. Furthermore, higher yields were obtained if methyl or ethyl 10-undecenoate were used
instead of 10-undecenoic acid. This effect emerged from stronger resonance of the esters due
to the electron donating character of alkyl groups (Scheme 13 B).['#!

A) Mechanism of Ligand Attachement
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Scheme 13. Mechanism of room temperature hydrosilylation of 10-undecenoate (4) and resonance structures of 10-undecenoic
acid, methyl 10-undecenoate and ethyl 10-undecenoate./’®¥ Reproduced and adapted with permission firom reference 189.
Copyright 2013 America Chemical Society.

31



2. Background

Alternative catalyst free hydrosilylation methods on hydride terminated SiNCs surfaces require
energy in form of heat or light.'®! Thermal grafting is a comparably fast process, which does
not run size selectively but stabilizes the PL of SiNCs by passivation of the surface.[!!8164190]
The reaction is presumably occurring through a homolytic cleavage of the Si-H bond and
subsequent olefin addition to the free surface silyl radical, as has been shown on other Si
morphologies before.?*!'7-1!] The mechanism has been proposed to proceed via propagation
over the surface and thus monolayer formation. However, in 2014 Yang et al. used nano assisted
laser desorption ionization (NALDI) to examine thermally functionalized SiNC. They found
oligomers on the SiNC surface (Figure 4 a).['”] Furthermore, the degree of oligomer formation
was strongly dependent on the amount of oxygen present, the applied reaction temperatures and
the olefin concentration. Most of the thermal functionalization protocols require neat monomer,
which causes the formation of long oligomer up to polymer chains. The results of Yang et al.
were supported by Panthani ef al., who used TEM imaging to evidence a remarkable amorphous
layer surrounding the crystalline SINC cores (Figure 4 b).1*) The big oligomer cover reasonably
adds to a raised stability, robustness and a good PL quantum yield, but can also lead to potential
issues in the application in optoelectronic devices.!!31%]

W)
N
53

140°C

ion signal (a.u.)

Figure 4. a) NALDI measurements of dodecyl oligomers attached to the SiNC surfaces. Functionalization has been achieved
at the indicated temperatures. B) Bright field and dark field TEM measurements of alkyl terminated SiNCs after thermal
grafting.318192] Reproduced and adapted with permission from references 3, 193. Copyrights 2012, 2013 America Chemical
Society.

Thermal grafting procedures can be used with several variations. As one example, Quian et al.
applied microwave synthesis at 170 °C in a closed vessel to decorate SINC surfaces with fluoro
substituted alkenes and promoted it as a “green” method for SiNC functionalization
(Scheme 14).11% The SiNC shell consists of fluorinated alkenes, which lead to an enhanced
oxidation stability and a superhydrophobic surface. Furthermore, the authors state, that the
enhanced electron withdrawing character shifts the PL to blue; elevated PL quantum yields
have aroused from the lower-frequency carbon-fluorine stretching modes which disfavor non-
radiative relaxation pathways. This has been reproduced by the introduction of C-S bonds to
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the surface bonded alkyl or aryl groups (e.g. allylphenylsulfide); it has been specified, that
lowering of the C-X (X = S, F) stretching vibration enhances the absolute photoluminescence

195]
quantum yields.!
a) H F, F2 P2 P
C.~C...C...C.
1H,1H,2H-Perfluoro-1-decene (F:2 Ez (F:2 CF3
Microwave (closed vial reaction)
170°C, 3 hrs
b) c) v(CF)
3
Microwave 3
(Closed Vessel) Py
b g
170 °C, 3 hrs -g No ¥(C=C) here
7] "
2 v(CH,) V(SiH) 3(SiH,)
Upper layer: decane 4000 3500 3000 2500 2000 _ 1500 1000 450

Lower layer: 1H,1H,2H-Perfluoro-1-decene Wavenumber (cm™)

e)

Scheme 14. a) Functionalization of hydride terminated SiNC surfaces with 1H,1H,2H perfluoro-1-decene b) schematic
demonstration of the reaction by microwave synthesis; c) FT-IR spectrum of perfluorodecyl capped SiNCs; d)
photoluminescence of spin coated SiNCs on a silicon wafer and e) water droplet on a film of perfluorodecyl capped SiNCs.['%¥
Reproduced and adapted with permission from reference 195. Copyrights 2014 America Chemical Society.

Thermografting is a well-established method for the functionalization of SiNCs. However,
although a good stabilization of the SiNC properties can be achieved by surface
oligomerization, small molecules are completely hindered from surface contact, which could
lead to several drawbacks in the application of SiNCs (e.g., in sensing).['®” Furthermore, in
most of the cases thermal grafting requires high boiling alkenes and alkynes. With a few
exceptions,'?®!°7l thermal grafting has mostly been performed in the neat monomer. Thus,
strategies were developed for a very selective decoration of SINC surfaces.
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Scheme 15. a) Homolytic cleavage of a Si-H bond achieved under thermal and photochemical conditions; photochemical
exciton-mediated hydrosilylation mechanism for b) nanoscale Si and c) bulk Si./"'”] Reproduced and adapted with permission
from reference 117. Copyrights 2011 America Chemical Society.

33



2. Background

Photochemical grafting has developed as important alternative for the hydrosilylation of
olefins. This method was presented to run via homolytic cleavage of the Si-H bond (3.5 eV) or
by the generation of excitons on a bulk silicon surface (Scheme 15 a, ¢).2127198:19] However,
for nanomaterials it was proposed, that there is a second exciton based mechanism which runs
via the adsorption of low energy “white” light (Scheme 15 b).[!%%2%] The exciton formation is
followed by the addition of the double bond to the hole. Hydrosilylation is terminated by
recombination of the hydride with the carbocation. Veinot ef al. were able to demonstrate, that
near UV hydrosilylation is size dependent due to quantum size effects.!!!”] This proposes that
for near UV grafting of hydride terminated SiNCs, an exciton mediated mechanism is more
likely to occur than homolytic cleavage. Furthermore, they used in situ photoluminescence
spectroscopy to demonstrate the impact of the photografting of alkenes and alkynes on PL
properties of the final products.*’!! They could show that the PL of SiNCs with initial
green/yellow emission shifts towards red upon reaction with model alkenes and those with
initial red PL increase in intensity, but did not shift. With conjugated alkynes, a SINC PL quench
on a rate on the electron-donating ability could be observed. In a consecutive study, Yang ef al.
compared evolution of the PL of thermally and photografted SiNCs by following wavelengths
and PL lifetime decays.?*?! The authors observed, that thermally grafted SiNCs only exhibited
size dependent microsecond (us) lifetimes, while size independent nanosecond (ns) lifetimes
were only measured if photografting was applied. The authors concluded, that particles with ns
lifetimes were partially oxidized. Oxidation could be minimized by using longer reaction times.
Although photografting is a very mild hydrosilylation method, because of its size dependent
reactivity, the functional group intolerance and the long reaction times are significant

limitations.
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Scheme 16. Proposed Mechanism for XeF: grafting of SiNCs. (23] Reproduced and adapted with permission from reference
204. Copyrights 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim.

Probably the fastest procedure of surface grafting has been presented by Mobarok et al./?%/

Surface decoration with alkenes, alkynes and carbonyls was obtain within less than 60 s with
XeF2 as reactive platform. The authors stated, that the rate of the reaction arises from the
formation of F’ radicals, which cleave surface Si-Si bonds (Scheme 16). Surface silyl radicals
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are formed as a result of the removal of surface Si atoms as hydrofluorosilanes. The surface Si’
radicals immediately react with unsaturated bonds of alkenes, alkynes and carbonyls.
Furthermore, the authors state that radical propagation presumably occurs on the surface.

H
H  —
H*i\ [ . =—(CH,),CH3 \ | /7 CHZ)HCHaal

\H BH3 THF (cat.)/ RT / | N\
where,

n=2750r9
il __(CH2),CH3 L (CHz)nCHs !i

BH3 THF (cat.)/ RT / I\

Scheme 17. Borane catalyzed hydrosilylation of H-SiNCs.[>l Reproduced and adapted with permission from reference 205.
Copyrights 2014 America Chemical Society.

Although XeF: initiates a very fast grafting of alkenes, alkynes and carbonyls on H-SiNCs, its
handling is very dangerous and the substance is expensive. As a good alternative, Purkait et al.
presented borane catalyzed surface hydrosilylation at room temperature (Scheme 17).[204205]
Lewis acid catalyzed reactions have been demonstrated for molecular silanes, as well as
H-terminated porous silicon surfaces before.[!8:206297] For H-SiNCs, bulky Lewis acids like
B(CsFs)3 could not be used under present conditions, but BH3 exhibit good reactivity.!***! For
BH3, the authors proposed two possible reaction pathways (Scheme 18): In A, borane reacts
with alkenes and alkynes by forming the intermediate A-II, which inserts into the Si-H bond. If
the reaction follows pathway B, BH3 is proposed to form an “activating complex” (B-I) from
direct activation of the alkene or alkyne. H-migration from the surface to the complex B-I leads
to the formation of B-II; the release of borane forms a defined mono layer on the surface. In
contrast, to the use of metal catalysts, purification is easily possible and the PL properties of
the SiNCs remain. However, the reaction is sensitive towards humidity, and is probably
sensitive towards functional groups.
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Scheme 18. Possible mechanisms of borane catalyzed hydrosilylation: A, “insertion” mechanism and B, “coordination”
mechanism.[**l Reproduced and adapted with permission from reference 205. Copyrights 2014 America Chemical Society.

Like alkene and alkyne functionalization reactions, Purkait ef al. decorated the Si-H surface
with ketone carbonyls to form surface silyl ethers.!?%! Aliphatic ketones required microwave
conditions, while aromatic ketones readily react at room temperature. The formed alkoxy
terminated SiNCs were stable towards air and moisture. After hydrosilylation of ketones,
borane catalyzed ligand exchange at elevated temperatures was used to react alkenes with the
surface. In all cases, the reaction is proposed to run via a hydroboration product (insertion into
the alkene or alkyne; Scheme 18). Although not evidenced, a coordination of the boron atom to
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the oxygen of the silylether is likely to occur, since the binding energy of the Si-O bond
(452 kJ/mol) is weaker than the bond energy of the B-O bond (536 kJ/mol).
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Scheme 19. Grafting of H-SiNCs using diazonium salts (1) and radical initiators (2, e.g. azobisisobutyronitrile — AIBN or
dibenzoyl peroxide — BPO). A) Radical formation and B) proposed grafting mechanisms.[>'52%°] Reproduced and adapted with
permission from references 209, 210. Copyrights 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim; 2015 America
Chemical Society.

Even if borane and XeF: catalyzed reactions are fast and selective methods for SiNC
functionalization, they are limited by their functional group tolerance. Methods with radicals
involved can overcome this issue. Surface radicals can either be generated by diazonium salts
or by other radical initiators.?°®2%°] Diazonium salts presumably initiate the surface by electron
transfer from the surface to the diazonium salt, and cleavage of a surface proton by the counter
anion or homolytic Si-H cleavage by the aryl radical (Scheme 19, 1).12%! If radical initiators
like azobisisobutyronitril (AIBN) or dibenzoyl peroxide (BPO) are used, surface radicals are
generated from their thermal decomposition and homolytic Si-H cleavage
(Scheme 19, 2).29%2191 Syrface propagation has been proposed to occur after olefin addition
(Scheme 19). Both methods are very tolerant towards functional groups; Yang et al. and
Hohlein et al. were able to functionalize SiNCs with alkynes and alkenes bearing ester, acid,
silyl, alkyl and aryl moieties.[208-20%-211.212]

Besides the functional group tolerance, both methods allow good control over the reaction
speed, which has been monitored by the clearing of the dispersions in both cases. Diazonium
salts were given dodecyl functionalities, which improve the solubility in nonpolar solvents
(Figure 5, A, D). Furthermore, the reactivity of diazonium salts increases with the introduction
of electron withdrawing groups, which was demonstrated by using 2-nitro- (2-NO-4-DDB) or
2,6-bromo-4-decyl-diazobenzene tetrafluoroborate (2,6-Br-4-DDB; Figure 5, B, C), which,
with dodecene, lead to the hydrosilylation of the SiNC surface in less than one hour.!?%!

When radical initiators were applied, reaction rates could be controlled by the decomposition
rate at the respective temperatures and the structure (BPO vs. AIBN) of the initiator and the
used solvents. Although functionalization has been shown as a slower process compared to
diazonium salts and other methods, Yang et al. were able to demonstrate that radical initiated
surface grafting provides monolayer surfaces.?*]
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Figure 5. Comparison of the reactivity of diazonium salts in the hydrosilylation of H-SiNCs with dodecane; A) 4-decyl-
diazobenzene tetrafluoroborate (4-DDB); B) 2-nitro-2-4-DDB; C) 2,6-bromo-4-DDB; D) 4-bromo-DB; and E) reference.?%5

Reproduced and adapted with permission from references 209. Copyrights 2014 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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2.4.2. The Role of Heteroatoms in SiINC Functionalization

Although hydrosilylation is one of the dominating processes in SiNC science, heteroatom
surfaces have aroused scientific interest as they have direct impact on the nanomaterials’
properties.'!18] Studies by Li et al. have shown, that selective HF/HNO3 or “piranha acid”
etching form hydroxyl terminated SiNCs (OH-SiNCs),!'33) which could subsequently be grafted
with octadecyltrimethoxysilane. The reaction presumably occurred from reesterification of
ethoxy capped SiNCs with the octadecyltrimethoxysilane. Ethoxy terminated SiNCs resulted
from the functionalization of SiNCs with alcohols like methanol, which has been described by
Bley et al. earlier.l'*8] Generally, particles involving methoxy or ethoxy terminated SiNCs
groups can be post modified by alkylsilanes, like alkyltrichlorosilanes, leading to the formation
of crosslinked silane surfaces.['**) Surface oxidation leads to a PL shift, a change in PL lifetimes
towards the ns regime and low passivation of the surface.[*!*]

As further reaction platform, halogen terminated SiNCs have been presented.['®*®! One of the
carliest procedures for Si-Cl generation is the potassium silicide reduction of SiCla.[*8]
Wheeler et al. applied non-thermal plasma treatment of SiCls in presence of Hz for the
generation of chloride terminated SiNCs.?!* Thus, generated chloride terminated SiNCs were
stabilized by hypervalent interactions from hard donor molecules like n-alkanones and
n-alkanenitrils. Hypervalent bonding shifted the attenuated total reflectance (ATR)-IR
stretching modes of the respective carbonyl-, nitrile- and Si-Cl bonds. The authors concluded
from their results, that the stability of the colloidal SINC suspension depended on the donors

strength and that the surface bonded groups were labile.[!#
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Scheme 20. Halogenation of hydride terminated SiNCs (a) and PL of alkylated surfaces derived from halogenated SiNC
surfaces (b).’"] Reproduced and adapted with permission from references 216. Copyrights 2015, American Chemical Society.

A surface reaction approach for the preparation of Si-Cl surfaces has been presented on hydride
terminated Si(111) and Si(100) surfaces earlier.*®! They were treated with PCls and BPO for
one hour at elevated temperatures. Post alkylation gave well-ordered passivated surfaces. As
for silicon wafers, PCls was used to form chlorinated SiNCs (CI-SiNCs) from H-SiNCs.2!¢]
The reactions occurred at room temperature without radical initiator present; however, complete
dissolution of the particles occurred at elevated temperatures (Scheme 20).2!51 Similarly,
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H-SiNCs reacted with elemental bromine or iodine. Anisotropic etching happened for bromine-
functionalization as well. Functionalization with iodine ran incompletely and hydride groups
remained. After halogenation, post-modification was used to passivate the surfaces.
Dasog et al. used alkyl Grignard reagents for halogen exchanges on the surfaces. Afterwards,
the alkylated SiNCs had blue (chloride), red (bromide) and yellow (iodide) PL depending on
the surface halogen (Scheme 20 b). Red PL raised from band gap transition with pus lifetime,
while blue and yellow PL originated from surface defects as could be observed from ns
photoluminescence lifetimes. Besides elemental bromine, N-bromosuccinimide (NBS) was

used as brominating reagent.!*!”]
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Figure 6. PL properties of SiNCs functionalized with different arylamines.*'8 Reproduced and adapted with permission from
references 219. Copyrights 2015 CIOMP.

Halogenated SiNCs have been useful precursors for further functionalization. They showed
good reactivities towards amines.[!242162182191 Allylamine reacts with chloroterminated SiNCs
over its free amino group and not through the alkene.[*!¢! After reaction of allylamine with the
surface, PL became SiNC size independent, which could be seen in the blue emission of 3, 6
and 9 nm SiNCs upon UV stimulation. Later, 1.5 and 6.5 ns photoluminescence lifetimes and
35 % PL yield for dodecylamine-SiNCs were obtained; these features probably resulted from
charge-transfer effects.'**! Upon the application of diphenylamine the emission of the system
shifted towards green.!!?#21821% Generally, a variation of the aromaticity of arylamines can
change the optical properties, which emerged in a variable PL maximum (orange to blue) and
PL quantum yields (Figure 6).1*'®! Similar to alkyl amines, PL lifetimes of aryl amine terminated
SiNCs were short (~5 ns). Thus, PL seems to arise from charge-transfer states.[!3-22]
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Scheme 21. Different approaches for the generation of blue emitting amino terminated SiNCs obtained from H-SiNCs. (17’
Reproduced and adapted with permission from references 179. Copyrights 2013, American Chemical Society.

Although not as distinctive and selective, amines have a strong influences on H-SiNCs as
well.l'”1 Like for chloride terminated SiNCs, they induced a blue shift of the PL with ns lifetime
and solvatochroism (dependence of the PL emission maximum from the solvent polarity). The
property change was independent from the amine structure (Scheme 21) and of the SiNCs sizes,
but it increased with higher amine concentrations.!’””! Dasog et al. could furthermore
demonstrate that primary and secondary amines reacted to the surface but affected partial
surface oxidation (Scheme 22).[179-221]

Not only surface reactions with amines elicited unprecedented PL properties (Scheme 22).
Upon reaction of H-SiNCs at elevated pressures (10 bar) and temperatures (above 100 °C) with
CO2 an acetal surface could be formed.['* Thus, grafted SiNCs emitted blue-green PL upon
UV light excitation. However, photobleaching could be observed. Dasog et al. furthermore
found, that if the reaction times were too long, surface acetals decomposed to formaldehyde
and oxidized SiNCs.['>¥] In subsequent studies, Dasog et al. and Sun et al. were able to form
CO and methanol from CO: reduction using silicon nanoparticles.??>2?%*]

Surface engineering using trioctylphosphine oxide (TOPO) under ambient conditions generated
surface oxidized SiNCs with a corresponding ligand shell (Scheme 22).['>] Hence, the SiNCs
were stabilized in organic solvents. Furthermore, phosphine-oxide stabilized SiNCs emitted
bright yellow PL at 590 nm. The authors proposed, that the complex PL mechanism aroused
from surface defect structures and band gap emission.!'®!?*] Although photobleaching occurred,
the relative PL quantum yields of phosphine oxide-, amino- and acetal-terminated SiNCs were
higher than the quantum yields of well passivated SiNCs, which emit PL from band gap
transition.
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Scheme 22. Reaction of H-SiNCs with amines, alkylphosphine oxides, CO:z and lithium organyls.!**?*4 Reproduced and
adapted with permission from references 18, 124, 225. Copyrights 2015, 2016, Wiley-VCH Verlag GmbH &Co. KGaA,
Weinheim; 2014 American Chemical Society.

Hohlein et al. recently reacted hydride terminated SiNCs with an organolithium reagent.**

Probably most interesting in this method is the fact, that a mixed surface could be synthesized.
Particularly, phenyl lithium (PhL1) could be used to cleave Si-Si bonds and form a mixed Si-Ph
and Si-Li surface, which could be reacted in a second step with the electrophiles hexyl bromide
or propylene oxide (Scheme 23 a). By addressing the free Si-Li bonds with HCI, free Si-H
groups were formed, which could subsequently be modified via hydrosilylation (Scheme 23 b).
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Scheme 23. a) Reaction of H-SiNCs with phenyl lithium and subsequent substitution of the Si-Li group and b) reaction of H-
SiNCs, generation of hydride groups using HCI and subsequent hydrosilylation.*!l Reproduced and adapted with permission
from references 225. Copyrights 2015, Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim.

Angt et al. furthermore used organolithium reagents (hexyl lithium, phenyl lithium, lithium
phenylacetylide) to engineer SiNCs PL properties (Figure 7).'!31 While surface hexyl and
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phenyl groups resulted in the same emission maximum, phenylacetylene groups shifted the
maximum from 685 to 735 nm. This shift has been assigned to the appearance of an additional
in-gap state close to the conducting band edge observed by scanning tunneling
microscopy/spectroscopy (STM/STS).
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Figure 7. Impact of various surface groups (hexyl, phenyl and phenylacetylene) groups on the PL emission maximum of
SiNCs.[""’] Reproduced and adapted with permission from reference 115, DOI: 10.1039/C6NR01435F. Copyrights 2016, The
Royal Society of Chemistry.

2.4.3. Post-Modification: The Route to SINC Hybrid and Composite Materials

Physical blending of unfunctionalized SiNCs often affords aggregation in a polymer matrix.[4]
To overcome the issue of aggregation, Erogbogbo et al. used a micellation approach to
encapsulate photoluminescent SiNCs with different surface designs into phospholipid
membranes.!!¥) Hessel et al encapsulated alkyl terminated SiNCs in poly(maleic
anhydride).l?*®! The formed amphiphilic micelles were luminescent, stable over a broad pH
range and water dispersible; these features are required for biological imaging. However, in
such micelles SiNCs are still available in agglomerated form. To improve the homogeneity of
the SiNCs in the composite, Mitra et al. performed an atmospheric plasma technique to coat
SiNCs with poly(3,4-ethylenedioxythiophene) polystyrene sulfonate.??®) The resulting hybrids
were homogeneously coated, which improved their stability, solvent dispersibility and PL. Due
to the physical adhesion, the long-time stabilities of noncovalent composite materials could not
be guaranteed. Hence, multi-step processes for the preparation of “functional” surfaces,
covalent composites, or the formation of SiNC/polymer hybrids are interesting options to
address the properties of these seminal materials.
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Scheme 24. Schematic illustration of multistep reactions performed on SiNC surfaces: a) Thiol-ene click, b) epoxidation, c)
azide-alkyne cycloaddition (“click” chemistry).[35153227] Reproduced and adapted with permission from reference 28, 186,
228; Copyrights 2010, 2014, American Chemical Society; 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim;

Surface chlorination, hydrosilylation or hydroxylation approaches have been used to prepare a
precursor surface for multistep reactions.[*336:136.185.211215] Thyg formed surface groups allowed
the selective exploitation of well known (silicon-) organic reactions. As such, a thiol-ene click
reaction has been conducted on SiNCs with free surface alkene moieties (Scheme 24 a).[!%]
Thiol-ene click reactions are usually very mild; hence a band width of thiols was coupled to the
surface. The addition of a deoxyribonucleic acid fragment to the distal carboxylic acid group
shows, that post synthetic approaches can give the SiINC surfaces direct functions, e.g., for
biochemical uses. Distal dienes were hydrosilylated on SiNC surfaces by Shiohare et al. to
obtain an alkene terminated surface. They used meta-chloroperoxybenzoic acid (m-CPBA) in a
second step to epoxidize the double bonds (Scheme 24 b). The epoxy groups could
subsequently be opened which resulted in a diol decoration of the surface groups. As a third
example for the post functionalization of free multibonds, the “click” reactions of surface
alkynes with molecules bearing terminal azide groups is given (Scheme 24 c¢).*?” Click
chemistry is well known from organic chemistry and has widely been used for the connection
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of biomolecules to other functional molecules. In this context, the aim of the study was the
imaging of cancer cells.!

227]

Scheme 25. Decoration of chloroterminated SiNCs with alanine and mannose for fluorescence imaging. ['%3° Reproduced and
adapted with permission from references 18, 36. Copyrights 2016 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim; 2014
The Royal society of Chemistry.

Zhai et al. to reacted chlorinated surfaces with the biomolecules mannose and alanine
(Scheme 22) to obtain SiNCs, which are ready for MCF-7 (Michigan Cancer Foundation — 7)
breast cancer cell imaging.*®! In contrast SINCs bearing pentenoic acid surface groups do not
elicit this effect, which is a strong indicator that appropriate surface engineering is essential.
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Scheme 26. Decoration of hydride terminated SiNCs with vinyldimethylchlorosilane as precursor for post functionalization
with alcohols or silanols (4), or organolithium compounds (B). 4-DDB, 4-decyl-diazobenzene tetrafluoroborate.*!!]
Reproduced and adapted with permission from reference 212. Copyrights 2014 Royal Society of Chemistry.

The application of chloride SiNC surfaces as reaction platform for postmodification renders a
straightforward process. However, the impacts on the PL properties and the blue shift from
remaining chloride, oxychloride and oxide surface decoration should not be neglected.*!”)
Hence, Hohlein et al. investigated the diazonium salt based hydrosilylation approach with
vinyldimethylchlorosilane (Scheme 26).2!'1 The formed chlorosilyl terminated SiNCs were
immediately reacted with several alcohols, silanols or organolithium reagents.
Photoluminescence maxima were stabilized at about 690 nm; however, lithium phenylacetylide
shifted the maxima to about 745 nm. The effect emerged from a side reaction of the
organolithium reagent with the surface, and the generation of an in-gap state (vide supra).l!1>2!!]
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Scheme 27. A) Two stage formation of 6-hydroxyhexyl 3-(methylthio)-2-phenyl-3-thioxopropanoate (HMT)-functionalized
SiNCs and B) RAFT polymerization on SiNC surfaces.*!?] Reproduced and adapted with permission from reference 213.
Copyrights 2015 Royal Society of Chemistry.

Hohlein et al. furthermore performed reversible addition-fragmentation chain transfer
polymerization (RAFT) from SiNCs surfaces.”'?) To do so, they reacted the RAFT reagent
6-hydroxyhexyl 3-(methylthio)-2-phenyl-3-thioxopropanoate (HMT) to the previously
chlorodimethylvinylsilane functionalized SiNCs (Scheme 27 A). RAFT polymerization was
performed with styrene and free RAFT reagent present. The authors demonstrated, that as well
free polymer, as SINC-surface polymers had narrow polydispersities. The RAFT reaction could
furthermore be performed with methyl methacrylate, hexyl acrylate, N-isopropylacrylamide
and 4-vinylbenzoylchloride under stabilization of the PL wavelength at ca. 700 nm; solely
N-isopropylacrylamide affected a blue shift.?!?!

The application of surface RAFT polymerization demonstrates the high potential,
SiNC/polymer hybrid materials can exhibit. Yang et al. performed a study regarding the high
potential of a simple SiNC/polystyrene (PS) hybrid obtained from thermal grafting of hydride
terminated SiNCs in monomeric styrene.??®! As a side effect of surface grafting, solution
polymerization occurred due to the auto initiation of polystyrene.[?*”! The SiNCs were well
grafted with polystyrene, were distributed homogeneously in the polymer matrix, emitted red
PL and were protected from chemicals (Figure 8). Furthermore, the SiNC/PS hybrid material
could be processed in solution, which facilitated the manufacturing of photoluminescent thin
films, microfibers and fiber bundles.??®) Dung ef al. amended, that a similar material was stable
up to 250 °C and was useful for charge-trapping in metal-insulating-semiconductor devices and
thin-film field effect transistors.!**") Additionally, Choi et al. varied the SINC concentration in
the SiNC/polystyrene hybrid material; they observed an increase in the refractive index with
rising SiNC content.[?*!]
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Figure 8. a) Preparation of a SINC/polystyrene hybrid material;, b) chemical stability of a SiNC/polystyrene film towards
saturated NaOH; ¢) PL image of a directed fiber coated with the hybrid material and d) SEM image of a fiber bundle consistent
of the hybrid material.?*®! Reproduced and adapted with permission from references 18, 229. Copyright 2013, 2016 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.

Sato et al. utilized the fascinating features of polysiloxanes to create an extendible, luminescent
and transparent SiNC/silicone hybrid.*) To obtain these promising materials, the
polysiloxanes were directly linked to the SiNC surfaces via Si-O-Si bonds. The hybrid materials
could be molded into different shapes and were stable in a variety of conditions; the SINC
photoluminescence properties remained size dependent (Figure 9).23%
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Figure 9. a) Size dependent photoluminescence of a SiINC/polysiloxane hybrid material; b) shapes obtained from molding of a
SiNC/polysiloxanes hybrid material.[>*’l Reproduced and adapted with permission from reference 233. Copyrights 2010 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

While insulating materials are mainly used for molding and SiNC protection applications, the
exploitation of conductible polymers introduced new features.”**) To do so, Islam et al.
performed surface-initiated Kumada catalyst transfer polycondensation (SI-KCTP) which gave
covalent poly-3-hexylthiophene (P3HT) SiNC bonds (Scheme 28 a). The properties of the
SINC/P3HT hybrid materials differ substantially from the physical blend; while the blend
emitted PL in the orange region and the UV/VIS absorption was the sum of the single materials,
the hybrid material emitted in the red region and had a unique absorption spectrum.!***! With
the SiNC functionalization with Li-phenylacetylide, the reason for this effect was determined
to arise due to an electronic in-gap state of the material’s valence band (Scheme 28).1115-23]
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Scheme 28 a) Kumada catalyst transfer polycondensation (SI-KCTP) on hydride terminated SiNCs; b) STM/STS spectrum of
a dodecyl-SiNC in comparison to a polythiophene-grafted SiNC.[>*  bipy, 2,2"-bipyridine; dppp, 1,3-
bis(diphenylphosphino)propane. Reproduced and adapted with permission from reference 234. Copyrights 2016 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

The generation of a SiNC silica composite has turned out to follow complex pathways; perhaps
most problematic is, that sol-gel processes require harsh conditions, which can elicit negative
impacts on the SINC properties. Guan et al. executed grafting of triethoxyvinylsilane on
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H-SiNCs in a first step.'”7! The triethoxyvinylsilane (TEVS) functionalized SiNCs were
subsequently assembled with tetraethyl orthosilicate; the polymer Pluronic P123, a triblock
copolymer based on polyethylene glycol and polypropylene glycol was used as template for
cylindrical micelles. After ageing and template removal, mesoporous SiNC/silica composite
material with PL at 600 nm and a surface area of 256 m?/g was obtained. However, the material
was obtained in the form of a turbid powder.

) @

SiOx- SOy  SIO- S0 SOy SO
3PEG 8PEG 3COOH 8COOH 3C12/P 8C12/P

Figure 10. SiNC/silica aerogel composite materials obtained from sol-gel procedure of tetramethyl orthosilicate (TMOS) with
surface engineered SiNCs present (3, 3 nm SiNCs; 8, 8 nm SiNCs; PEG, polyethylene glycol functionalized; COOH, pentanoic
acid functionalized and CI12, dodecyl functionalized).*¥ Reproduced and adapted with permission from reference 235.
Copyrights 2016 American Chemical Society.

Aghajamali et al. utilized SINC surface engineering to study the impacts on SiNC/silica aerogel
hybrid materials (Figure 10).2*¥ In the present study, base catalyzed sol-gel process with
tetramethyl orthosilicate (TMOS) as precursor and supercritical CO2 drying was performed
(vide infra). From the present result, the authors concluded, that optical transparency could only
be obtained, when 3 nm SiNCs decorated with polyethylene glycol (PEG) surface groups were
used. Furthermore, the authors state that the PL response of the SiNCs could be retained;
however, as is usual for functionalized SiNCs, PL quenching could be achieved with
nitrobenzene.?!?*¥ As the inner surface of the composites significantly differs, dependent on
the applied size and surface group, the study clearly shows, how material properties can be
influenced by SiNC surface engineering.
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2.5. Applications of SINC Based Materials.

Silicon nanomaterials have gained much attention in the scientific community. SiNCs have
aroused high interest, as they are semiconductor materials with big surfaces, good accessibility
for changes and above all, they are based on a nontoxic element. Hence, several prototypes
were developed with SiNCs as main or subordinate material. As the application of SiNCs has
not been the main part of the present thesis, only an overview is given over battery anodes, solar
cells, organic light emitting and photodiodes, catalysis, bioimaging and sensing.

Li-ion battery anode materials consistent of silicon are very promising due to the high
theoretical charge capacity (4200 mAh g') and the high working potential. However, during
cycling (charging and discharging of the battery), volume changes of up to 400% can damage
the silicon anode.***! With a decreasing size of the silicon material, this issue can be minimized.
Kim et al. synthesized 5, 10 and 20 nm silicon particles from SiCls reduction and observed, that
although smaller SiNCs exhibited higher charge capacities (~3000 mAh), their Coulombic
efficiency decreased and after 40 cycles the capacity was quickly reduced.!'”3! The researchers
concluded, that the critical SINC size should not fall below 10 nm. Furthermore, good results
were obtained when the silicon particles were hybridized with carbon composites.[!”*23¢! The
resulting materials were useful to overcome deficiencies like structural degradation, formation
of unstable interfaces and electrical isolations.
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Figure 11. Low (a) and high magnification TEM images (b-c) of a surface grafted SiNC/graphene hybrid material with
measurements of the distances of the graphene layers and the material interface (b inset). Furthermore the mechanism of Li
uptake is demonstrated (d).’?l Reproduced and adapted with permission from reference 52. Copyrights 2015 Nature Publishing
Group.

The most attractive method for the generation of the SiNC hybrid anode is encapsulation in
graphene, as it is known to enhance carrier transport and reduces volume changes related to the
Li ion uptake (Figure 11).52237] Fyrthermore, amorphous Si nanoparticles below 10 nm have
been hybridized with graphene to obtain a capacity of 2858 mAh g (92.5 % Coulomb
efficiency) or SiNCs were grown on carbon nanotubes (CNT) by silane gas
decomposition.>*!17> Based on the carbon approach, Liu ez al. used a “yolk-shell” design, which
gives some void space to the SiNCs for volume changes, but compensates the expansion
(Figure 12).12%8] The capacity of these hybrids was up to 2833 mAh g! at about 1000 cycles and
99.8 % Coulomb efficiency.
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Figure 12. ,, Yolk shell “ design of a SiNC/carbon hybrid material and schematic mechanism during Li uptake.* Reproduced
and adapted with permission from reference 239. Copyrights 2012 American Chemical Society.

SiNCs have not only been tested as energy storage materials, but were successfully prototyped
in energy conversion materials. As such, solar cells and photovoltaics have gained big interest.
Some approaches of producing photovoltaics deal with SiNCs being homogeneously
distributed in a semiconductor “host” material.l*>! SiNCs preparation from SiO2/SiOx reduction
is simple, control over size and crystallinity are easy and the product emit strong PL; however,
as the SiOx cover has isolating properties charge transport is poor. To improve this approach,
SiNCs were grown from SiNx/SisN4 and SixCix/SiC supperlattices. In both cases, the
composites had weak PL and the quantum confinement features could not be measured.
However, high conductivities and good light absorption were shown, which made the materials
promising for photovoltaics.*”]
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Figure 13. Schematic organization of a SiNC(Si-nc)/P3HT heterojunction solar cell.?3 ITO, indium tin oxide; P3HT, poly-3-
hexylthiophene. Reproduced and adapted with permission from reference 240. Copyrights 2009 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Stutzmann et al. blended SiNCs with P3HT for solar cell applications (Figure 13).12**! Such
photovoltaics worked via silicon/organic semiconductor heterojunctions and had an open
circuit voltage of 0.76 V. Dietmiiller et al. later demonstrated, that charge transfer is the
dominating mechanism for SiNCs in P3HT.?*"l Furthermore, the authors observed, that the
reduction or elimination of surface defects by vacuum annealing, HF etching, or SiNC
passivation can improve the quality of a solar cell, e.g., by enhancing the photovoltaic
conductivity by a factor of up to 400.!7%171.241] These results demonstrated, that efficient
improvements can be achieved by means of surface grafting.

Light emitting diodes (LED) have become important for energy saving devices. SiNCs are
useful materials due to their good tenability in light emission and a growing understanding for
surface engineering and charge transfer processes. In this context, SINCs are generally arranged
between the hole and the electron transport layer, which is mainly consistent of conducting
polymers (Figure 14).
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Figure 14. Schematic arrangement of SiNC based LEDs.I'8] Reproduced and adapted with permission from reference 18.
Copyrights 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Perhaps most important is, that surface engineering has a major influence on the LED properties
and construction. Cheng et al. used dodecyl grafted SiNCs obtained from silane gas plasma
decomposition to generate LEDs with electroluminescence in the infrared region (868 nm) and
an external quantum efficiency of 0.6 %.17®) Furthermore, they observed, that the external
quantum efficiency of the device strongly depends on the thickness of the SiNC layer. Later,
external quantum efficiencies of 8.6 % were obtained of LEDs containing 3 and 5 nm SiNCs.
The improvement of the efficiencies has been obtained from a better confinement of the charge
carriers and excitons in the SINC emission layer arising from an increase in the energy gap
between the hole- and electron transport layer.'””! Maier-Flaig et al. observed red/orange
electroluminescence from allylbenzene-grafted SiNCs used in a SiNC/organic light-emitting
diode (OLED; Figure 15 a, b).1*”) The devices had external quantum efficiencies of 1.1 %;
however, inhomogeneous emission, defects and fast degradation of the OLED has occurred
from the SiNC polydispersity. Hence, the research groups used size selective precipitation to
prepare brighter and more homogeneous devices with longer lifetimes.*”! Ghosh et al. used a
combination of materials with different emissions (e.g. red luminescence from octadecyl-SiNCs
and blue-green emission from a luminescent polymer, e.g. poly-TPD) to generate LEDs with
white light emission and external quantum efficiencies of 0.033-0.36 % (Figure 15 c, d).1*®]
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Figure 15. Electroluminescence of LEDs obtained from the application of polydispersity and size separated SiNCs at a constant
currency of 1.6 mA cm (a) and photographs of the corresponding LED devices (b).[7] Electroluminescence spectra of LED
devices obtained from combination of poly-TPD and SiNCs of different sizes (c) with the corresponding CIE diagram (d; inlet
photograph of white-light LED.[*8 Architecture of a SiNC based photodiode (e) and its spectral response (f: inset photograph
and band gap estimation using Tauc method)./'’8 Reproduced and adapted with permission from references 47, 48, 178.
Copyrights 2013 American Chemical Society; 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Lin et al. recently produced a photodiode consistent of SiNCs (Figure 15 €).[!”8] They compared
the application of allyl disulfide-grafted SiNCs with alkyl-SiNCs (Figure 15 f). Due to the lone
pair electrons from the allyl disulfide moiety, enhanced conductivity could be obtained. The
device was prepared using spin coating of a SINC solution on the indium tin oxide (ITO) glass
layer. PEDOT:PSS was used as electron blocking layer between ITO and SiNCs, to improve
charge separation. In the present setup, the device showed UV responsivity with a photo
response of 0.02 AW™! (ampere/watt) peak.

Catalysis offers another suitable approach for SiNCs. As such, Erogbogbo et al. used Si
nanoparticles to generate hydrogen from water without light, heat or electricity applied.[*?! They
observed, that 10 nm SiNCs formed H> 1000 times faster than bulk silicon and 150 times faster
than 100 nm silicon particles. Furthermore, silicon particles were six times faster than metals.
El Demellawi et al. used H-SiNCs to convert secondary alcohols to ketones and hydrogen.[?4’]
They reported, that the reactions ran at room temperature. Furthermore, they could demonstrate,
that SINCs can be sensitive towards the surrounding medium.

Peng et al. used the photo reactivity of H-SiNCs towards CO2 to form formaldehyde./**’! Later,
Dasog et al. followed the conversion of CO2 to methanol by 155 nm SiNCs at elevated
temperatures.'???) The Si-H consumption and the methanol formation were followed by in-situ
IR spectroscopy (Figure16 A-C).
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Figure 16. A) Si-H consumption, B) formation of methanol from CO: followed by in-situ IR spectroscopy. C) Temperature
resolved study of the consumption of Si-H surface groups followed by in-situ IR.**Y D) Matrix assisted laser desorption-
ionization (MALDI) of P3HT obtained from SiNC catalysis. E) UV-VIS absorption and F) PL emission spectra of P3HT (Inset:
P3HT under ambient light (E) and und under UV light (F).[** Reproduced and adapted with permission from references 43,
223. Copyrights 2014 American Chemical Society; 2017 The Royal Society of Chemistry.

Chloride terminated SiNCs obtained by PCls reaction were used for the generation of polymeric
P3HT (Figure 16 C).[** The polymer was formed presumably from a room temperature Lewis-
acid mediated polymerization of the Grignard reagent of 3-hexylthiophene. It had a light
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absorption maximum at about 440 nm and emitted light at 580-700 nm. (Figure 16 E, F).
Perhaps most important is the fact, that SINCs accelerated the reaction faster than bulk silicon
and molecular silanes.
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Figure 17. Biomolecule functionalized micelles containing a SiNC core and a phospholipid membrane and demonstration of
possible applications.3*] Reproduced and adapted with permission from references 35. Copyrights 2011 American Chemical
Society.

Bioimaging is a very promising application of SiNCs, as they are non-toxic.!'*! Furthermore,
the small sizes and the good adaptability of the SINC surfaces makes them ideal platforms for
medical diagnostics.*®! Erogbogbo et al. formed micelles with SiNC cores and biomolecules in
the shell.*> The authors observed, that the SiNC hybrids could be used for lymph node imaging,
for Panc-1 tumor cell targeting and for multicolor imaging in living mice (Figure 17). The
SiNCs emitted stable luminescence for more than 40 h. Although this in vivo study has a high
impact on future research, most of the studies in bioimaging were conducted in vitro. As such,
Erogbogbo et al. used similar PEGylated phospholipids to micellize SiNCs and render them
water-dispersible with stabilized PL (2 % quantum yield).[*!! The micelles were used for in vitro
imaging of HeLa cells. The micellation approach made engineering of the phospholipid layer
possible, e.g. with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid and the chelation
of paramagnetic Gd**, which is a well-known contrast agent for magnetic resonance
imaging.!*** Furthermore, a dye was added to the phospholipid cells, which effected an increase
of the PL in the micelles from fluorescence resonance energy transfer.!>+!

To emit PL, SiNCs require an excitation wavelength, which is in the near UV region
(300-450 nm). As UV light is known to damage tissue, it is not useful in in vivo applications.
Thus, Tu et al. invented the two photon technique which released two photons of half energy
near IR region to excite the particles.?*®) The authors used 4.3 nm Mn doped SiNCs with an
external quantum yield of 8.1 % and emission at 441 nm; the SiNCs accumulated in
macrophages. Another issue is the big size of SINC micelles (>10 nm), which could possibly
degrade slowly.**72% An improvement has been the development of self-assembling
monolayers (SAM), which combine small radii with good biocompatibility and a bio active
surface.?*®2%1 Zhong et al. used the SAM approach to prepare water dispersible 2.2 nm SiNCs
with internal quantum yields of 20-25 %, which could be used for cell nuclei imaging for 60 min
without photobleaching (Figure 18).**1 Further studies showed, that the conjugation of
biomolecules like lysine, folate, antimesothelin, transferrin, arginine and mannose to SiNC
surfaces are sufficient platforms to target various cancer cells; it is worth mentioning, that
standard surface molecules like dodecane or pentanoic acid do not label the same cell
types.136247)
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a) immounofluorescent cell imaging

b) long-term cell labeling

Figure 18. a) Immunofluorescent cell imaging obtained by laser confocal microscopy (scale bar = 5 um, left: SiNC labeling
of nuclei, middle labelling of microtubules by fluoresceinisothiocyanat, right: overlap of both images) and b) Time resolved
stability of HeLa cells labelled by SiNCs and fluoresceinisothiocyanat.?*’l Reproduced and adapted with permission from
reference 250. Copyrights 2013 American Chemical Society.

The sensitivity of the SiNC surface towards various functional groups and a change in PL
mechanisms makes them sufficient for sensing applications.>°! In general three quantum dot
sensing mechanisms are known (Figure 19): Quenching of the SINC PL can occur, once an
analyte affects an electron transfer (ET) previous to the recombination of the exciton
(Figure 19a).2° If the lowest unoccupied molecule orbital of the analyte is lower than the band
edge of the quantum dot’s conducting band, an electron can be transferred to the analyte. In
contrast, an electron can be transferred from the highest occupied molecular orbital (HOMO)
into the hole located on the QD’s valence band edge, if the HOMO has a higher energy. The
ET mechanism is dependent on the QD’S redox properties./*>?! Furthermore, surface traps and

charges can have influences.
hvi

og’m
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Molecule

current
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Figure 19. Schematic illustration of various mechanisms of SiQD sensing approaches: a) electron transfer (ET), b)
fluorescence resonance energy transfer (FRET), and c) photocurrent generation as readout signals. >°*?3% Reproduced and
adapted with permission from references 254. Copyrights 2013 American Chemical Society.

If the sensing mechanism is fluorescence resonance energy transfer (FRET; Figure 19 b),
nonradiative energy transfer induced from dipole-dipole interactions between an excited state

donor to a ground state acceptor is involved.[>>*?>3 FRET can run over larger distances than
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ET; however, it’s rate is dependent on the spectral overlap between the donor emission and the
absorption of the acceptor, the donor’s quantum yield, the distance between donor and acceptor
and the orientation of the dipoles.[>*

Photochemical sensing can also gain interest.'!] Prototypes use the concept of immobilizing
quantum dots on an electrode surface by covalent attachments, which induce a photocurrent
from the conduction band to the electrode surface. The induced current depends on the
concentration of analyte in the monitored solution.[>>!

Based on the mentioned mechanisms, the design of cheap sensors could be achieved. Gonzalez
et al. used papers coated with dodecyl-SiNCs to detect high energy materials.*!] The sensor
stripes could be exploited for the detection of very low concentrations of trinitrotoluene (TNT),
pentaerythritol tetranitrate (PETN) or cyclotrimethylene trinitramin (RDX; Figure 20 a).
Furthermore, PL emission was quenched upon submission of the SiNC coated strip to
nitrobenzene vapors (Figure 20 b). After the release of nitrobenzene, SINC PL returned
reversibly. The authors proposed, that consistent with previous investigations, an electron
transfer is responsible for the quenching.*'*>! Ban et al. exploited 3-aminopropyl
functionalized SiNC for the detection of trinitro toluene (TNT) in water.[**] The authors stated,
that the detection limit was 1 nM. Mechanistically, FRET was suggested to occur.

-+ Blank

b)

After exposure to
- .
nitrobenzene vapors

—» Quenched filter paper
after 2 min in N, stream

Figure 20. a) Detection of drops of solution of TNT, PETN and RDX; b) reversible detection of nitrobenzene vapor.['831
Reproduced and adapted with permission from references 18, 31. Copyrights 2014 Royal Society of Chemistry; 2016 Wiley-
VCH Verlag GmbH &Co. KGaA, Weinheim.

Further work conducted by Nguyen et al. compared red emissive alkyl oligomer, alkyl
monomer and blue emitting amine terminated SiNCs in the sensing of nitrobenzene vapors.[¢]
The authors observed, that an alkyl monomer surface is more sensitive than alkyl oligomer
SiNCs and amino-SiNCs (Figure 21). Furthermore, they have proposed an electron transfer
mechanism being responsible for the quenching. Amine terminated SiNCs have not been as
sensitive since the functional groups were linked to the SiNC surface by the amino groups.*22%!
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Figure 21. a) Alkyl oligomer (i), alkyl monomer (ii) and blue emitting amine terminated (iii) SiNCs used for the investigation
of the PL response towards nitrobenzene.[’*?*% Reproduced and adapted with permission from references 251. Copyrights
2016, Royal Society of Chemistry.

Many studies have been performed using SiNCs as highly sensitive platforms for the detection
of metal ions,™’! biologic relevant molecules or biomolecules,?*2?% ethanol, %"
antibiotics,*®”) and pesticides.[**!) A summary of the studies on sensing evolving SiNCs has

been given by Gonzalez and Veinot in 2016./2°%
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2.6. Rare Earth Metal-Mediated Group Transfer Polymerization

Since the beginning the 20" century, polymers and plastics have played a more and more
important role in people’s lives.[?*?] Due to their light weights and the variabilities of properties,
plastics are incorporated in nearly every item. Mostly, polymers with broad polydispersities are
adequate for the requirements; however, precise control in certain areas, compared to chain
length and end group functionalization, is key to tune the properties and tailor the polymers to
the field of application.[?*>] Furthermore, some monomers (e.g. vinylphosphonates) are scarcely
polymerizable or their polymerization is not controllable by standard polymerization
procedures (e.g. radicals).”®*! Rare earth metal-mediated group transfer polymerization
(REM-GTP), also known as catalytic precision polymerization, of Michael type monomers is a
young method, to prepare the highly precise tailored materials for a variety of applications
(Figure 22).1263]
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Figure 22. Overview of the catalytic precision polymerization process of various monomers (E = CR, PR2; A = O, NR).[?63]

The concept of the GTP goes back to 1992, when Yasuda et al. presented the neutral
samarocene complex [Cp*2SmH]?, and independently, Collins as well as Ward published a two-
component Group 4 metallocene complex for the polymerization of acrylates.?®>2! In both
cases the reactions occurred by multiple conjugate addition steps of the Michael type molecules
(vide infra). Besides methyl methacrylate (MMA) nowadays a variety of O and N-coordinating
monomers like dimethyl acrylamide (DMAA),!*$7! dialkyl vinylphosphonates (DAVP),[264268]
2-vinylpyridine (2-VP)1?*! and 2-isopropenyl-2-oxazoline (IPOx)1**”] have been polymerized
via REM-GTP with low PDIs.[263:270]
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Figure 23. Overview over O and N-coordinating Michael Type acceptors.[* Reproduced and adapted with permission firom
reference 264. 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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DAVPs are of particular interest, as the polymers are non-toxic, biocompatible, contain
phosphorus, conduct protons and have a lower critical solution temperature.*’!! These
properties make them useful as flame retardants, binders in dental or bone concrete, in
membranes, in non-fouling coatings, in tissue engineering, in drug delivery or in cell
proliferation surfaces. In 2010, Seemann et al. developed a trivalent ytterbocene Cp2YbX
(X = Cl, Me), which was sufficient for the polymerization of diethyl vinylphosphonate (DEVP)
with molecular weights up to Mw = 10® g/mol.[*’? Further work performed by Salzinger et al.
focused on different REM-centered catalyst in the form of CP3Ln with Ln =Lu, Yb, Tm, Er,
Ho, Dy.[?®] The authors observed that the initiator efficiency as well as the polymerization
speed increased with the radii of the metal centers, but the molecular weights decreased.
Poly(diethyl vinylphosphonate) (PDEVP) was prepared by CpsLu in 30 min with an initiator
efficiency of 89 %, an overall turnover frequency (TOF) of 17300 h! and a My of 1.28 « 10°
g/mol. In contrast, CpsHo afforded PDEVP polymerization in 5 h with 17 % initiator efficiency,
a TOF of 500 h'! and a M of 3.36 * 10° g/mo].[28]
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Scheme 29. Mechanism of initiation and propagation of DEVP by Cp2LnX (X = CHs; CH2TMS, Cp, SR, CI, OR) complexes.?7¥
Reproduced and adapted with permission from reference 274. Copyright 2013 American Chemical Society.

Salzinger et al. recently monitored the mechanisms of group transfer polymerization and
initiation of diethyl vinylphosphonates (Scheme 29).1*”*! The studies were performed with
catalysts in the form of CP2LnXethf or [Cp2L.nX]2 with variation of the center metals (Tb, Y,
Tm, Lu) and the functional group X. The most important finding is perhaps, that the pathway
of initiation is strongly dependent on the nature of X (Scheme 30): CHs and CH2TMS ligands
induced an abstraction of the a-CH of the vinylphosphonate, Cp or SR ligands underwent a
nucleophilic transfer to the coordinated monomer and Cl or -OR ligands affected a monomer
induced ligand exchange reaction to form CpsLn in equilibrium. Furthermore, it was possible
that several pathways could occur simultaneously. This has been proven for
X = N(SiMe2H),.1273!
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Scheme 30. Initiation pathways of REM-GTP using a catalyst of the design CP2LnXethf or [Cp2LnX]2.?’3 Reproduced and
adapted with permission from reference 274. Copyright 2013 American Chemical Society.

After initiation, a generally fast propagation occurs after the mechanism suggested by
Yasuda et al. in 1992 for the MMA polymerization.[*®®! Coordination of DEVP to the free
binding side started the propagation following a monometallic SN2 type mechanism, with the
displacement of polymer phosphonate ester being the rate determining step (Scheme 29).127*
Afterwards, the conjugate addition of the monomer occurred via a six-electron process
(Scheme 31). The propagation process was strongly dependent on the activation entropy, which

was shown to be influenced by the steric demand of the metal center and of the monomer.
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Scheme 31. Propagation step in group transfer polymerization mechanism.’”’ Reproduced and adapted with permission from
reference 274. Copyright 2013 American Chemical Society.

The study of Salzinger ef al. was an important basis for understanding the transformations in
the vinylphosphonates polymerization process. The formation of new metal complexes like
bis(cyclopentadienyl)(4,6-dimethylpyridin-2-yl)methyl lanthanide (Y, Lu) has been one
consequence.?’ These catalysts formed poly(dialkyl vinylphosphonate) (PDAVP) following
a highly living character with unprecedented rates (TOF 59400 h™') and afforded end group
functionalization via stable C-C bonds. Notably, the pre-initiated catalyst has been formed by
C-H activation of Cp2Y CH2TMSethf with a methyl group of 2,4,6-trimethylpyridine via -bond
metathesis (Scheme 32).

fl
@ N
Y o~ Y + Si(CHz)

% CH,TMS (loluene) rat, %
30 minutes

Scheme 32. Synthesis of Cp2Ln (CH(CsH2Me:N)).[>’¥ Reproduced and adapted with permission from reference 275. Copyright

2015 American Chemical Society.

REM-GTP is the key to defined PDAVP architectures with unique properties. Perhaps most
interesting is the lower critical solution temperature (LCST, an entropy driven effect)?’*) of this
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fascinating polymer class. The cloud point of a DEVP solution in water has been determined to
be 40 — 46 °C.81 To tune the LCST properties of the polymer, Zhang et al. applied random
copolymerization of DEVP with dimethyl vinylphosphonate (DMVP) or di-n-propyl
vinylphosphonates (DPVP; Figure 24 a).*’®! LCST cloud points decreased as a result of an
increasing poly(di-n-propyl vinylphosphonate) PDPVP content in the copolymer (PDEVP-co-
PDPVP), as well they increased with poly(dimethyl vinylphosphonate) (PDMVP) being present
in the copolymer (PDEVP-co-PDMVP; Figure 24 b). The changes in cloud points correlated
directly proportional to the incorporated amount of DPVP or DMVP.[?’8 Furthermore the
authors observed that the cloud point of the polymer could be reduced from 32-33°C (DEVPo.s9-
co-DPVPo.11) to 29-30°C by the addition of NaCl or buffer solutions.
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Figure 24. a) Schematic illustration of the copolymerization of DEVP with DMVP and DPVP, b) changes in cloud points by
the variation of the DEVP concentration in the respective copolymers.[*’! Reproduced and adapted with permission from
reference 277. Copyright 2012 American Chemical Society.

Surface-initiated group transfer polymerization (SI-GTP) has been presented by Zhang ef al. in
2012. It is another interesting example, of how GTP can be used to design materials with
unprecedented properties.?’”] In the first step, an oxidized Si surface was coated with
3-(trimethoxsilyl)propyl methacrylate (TMSPM; Scheme 33). Although the surface was
homogeneously loaded with TMSPM, after catalyst impregnation and addition of monomer,
mainly in plain polymerization occurred and the surface topography became inhomogeneous.
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Scheme 33. Surface reaction, catalyst impregnation and SI-GTP using a) trimethoxysilylpropyl methacrylate, b) ethylene glycol
dimethacrylate as initiator layer. c) SI-GTP mechanism for the surface polymerization.l*”’] Reproduced and adapted with
permission from reference 278. Copyright 2012 American Chemical Society.

The authors conducted photografting of ethylene glycol dimethacrylate (EGDM) at 365 nm to
form a “carpet” structure on the hydride terminated SiNC surface (Scheme 30 b).?’”] As the
acrylic moieties have not packed closely enough for in-plane polymerization, SI-GTP occurred,
following the proposed mechanism (Scheme 30 c), that resulted of polymer chains (DAVP,
MMA) grew from the surface. Zhang et al. monitored the growth by an atomic force
microscopy (AFM) study of the covered surfaces (Figure 25). They demonstrated, by
scratching, that the surface grew from ~29 nm (poly(ethylene glycol dimethacrylate); PEGDM)
to ~146 nm (PDEVP) in 5 minutes; moreover, the polymer growth occurred highly linearly with
time.

7 3
GTP time (minute)
Figure 25. Investigation of the time resolved growth of PDEVP(a-f) from an EGDEM surface.”’””l Reproduced and adapted

with permission from reference 278. Copyright 2012 American Chemical Society.

SI-GTP was furthermore used to attach the vinylphosphonates to the surface, which resulted in
a change of surface properties (Figure 26).2”71 PDMVP, which was the most hydrophilic
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molecule in the row had a contact angle of 17°, DEVP of 64° and DPVP, the most hydrophobic
molecule of 76°. Even more fascinating is, that the LCST concept is applicable on the polymer
brushes at the surface: The water-contact angle of DEVP changed distinctly from 46° at 25 °C
to 66° at 50 °C (Figure 26 b, d). This feature made PDAVP surfaces promising materials for
cell proliferation surfaces, on which cell breeding can occur directly on the surface and they
can be released upon cooling below the LCST.[?78
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Figure 26. Static water contact angle measurements of a) PDMVP, b) PDEVP and c) PDPVP surfaces at 25 °C and of PDEVP

at 50 °C; d) structures of the PDAVP on the surface.l*’’] Reproduced and adapted with permission from reference 278.
Copyright 2012 American Chemical Society.
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2.7.Silica Aerogels as High Impact Low Weight Materials

Since the first report of silica aerogels by Kistler in 1931, the interest in these fascinating

e.[2””) Nowadays aerogels are known as extremely porous, low

materials grew more and mor
weight, and high technology materials (Table 1) with a broad scope of applications (e.g.
catalysis, superinsulation, optical fibers, ceramics, chemical absorbers).[?3*281] Amongst others
(e.g. graphene, metal oxides or polymers), silica has mainly been used as matrix material, due
to its straightforward synthesis procedure, which goes via the sol-gel process of a silanol
precursor.[?81-2851 Generally, the preparation of silica aerogels requires three engineering steps:

Sol-gel procedure, solvent exchange, and supercritical drying.

Table 1. Properties of silica aerogels.[?5%

Properties Range Typical Value
Bulk density [g cm™] 0.003-0.5 0.100
Porosity [%] 80-99.8 %

Medium pore size [nm] 20150

Surface area [m’> g’'] 100 — 1600 600
Refractive Index 1.007 — 1.240 1.02
Heat Conductivity [Wm™ K]  0.017 -0.021 0.020

Tetraethyl orthosilicate (TEOS) or tetramethyl orthosilicate have been mainly used as silica sol-
gel-precursors. Others like SiCls or water glasses are also known precursors; however they lead
to unselective gelation conditions and thus are of minor interest.[*s¢! It is important to know,
that either acids or bases are applied as catalysts (Scheme 34).1286-288] Acid catalyzed gelation
(pH <7) affords weakly branched gels with a polymer-like network structure and small
pores.[283:286.2891 Ty contrast basic hydrolysis and condensation generates silica sols (pH > 7, no
salts) or gels with enhanced cross-linking, low micro porosity, a broader pore distribution, and
a silica network consistent of particles. Addition of salts or pH changes during the sol gel
procedure can lead to strong changes in gelation and offers a certain control too.[23¢]

An explanation for the mechanism of the sol-gel process can be found in the acidic and basic
hydrolysis and condensation mechanisms. In the acid-catalyzed hydrolysis (Scheme 35 a),
protonation at the alkoxy group occurs rapidly. As a result of enhanced electrophilic properties
water is able to attack at the backside of the silicon center, whereby a transition state with
significant SN2 character has been proposed.!?*82°Y1 The acquired positive charge of the water
molecule initiates the release of the alcohol molecule. Hence, hydrolysis occurs faster for less
bulky alkoxides. Condensation under acidic condition begins with the protonation of a silanol
group, which makes the silicon more electrophilic and facilitates the nucleophilic attack by
other silanols. It is important to know, that the most basic silanols are located in monomers or
weakly branched oligomers. Thus, they are prone for protonation and have a high tendency to
react with neutral species afterwards.!?%!
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Scheme 34. Overview of the conditions of the sol gel process starting from Si(OH)4+.[?°] Reproduced and adapted with
permission from reference 287. Copyright 1994 American Chemical Society.

For hydrolysis under basic conditions, an OH" ion attacks directly at the silicon center
(Scheme 35 b).[2%8] At this point, a Sx2-Si mechanism may occur similar to the acidic
mechanism with inversion of the tetrahedron, which is resulted from the backside attack of the
silanol.?®!! Another proposed mechanism is the Sx2*-Si or the Sn2**-Si pathway under
consideration of a stable five bonded intermediate.!**2°° Decomposition of the intermediate
affords alkoxide anions. As the mechanism runs via a negatively charged silicon center, external
influences (e.g. salts) can change the reactivity significantly. Condensation reaction occurs via
deprotonation of a silanol and nucleophilic attack of the deprotonated species at a neutral
silicate.[288-291
the overall reactivity. The acidity depends on the other substituents around the Si core. Unlike
alkoxy and OH groups, siloxy groups reduce the electron density of the center Si, which
increases the acidity of the remaining silanols.!**?! As a result of this mechanism, condensation
is favored at larger and more branched species resulting in the formation of particles.

1'In this reaction, the acidity of the required silanol group has major influence on
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Scheme 335. Acid (a) and base catalyzed (b) hydrolysis and condensation mechanisms of tetraalkoxysilane precursors.[257.288.29]

Storage of the reaction mixtures at elevated temperatures for a period of time leads to the
(2831 This procedure is also known as ageing or ripening. Drying
of the alcogels under standard conditions in air affords the formation of a xerogel. Xerogels are
densely packed gels with small pores and a tight network (Figure 27). The shrinkage and
cracking of the gel is caused by high capillary forces that is evoked from a gradient by solvent
evaporation.?”l The mechanism of this process is dependent on the structure of the
alcogel [283-285

formation of hydro- or alcogels.

I The key to the formation of the highly porous and stable silica aerogels is the
drying of the alcogel under supercritical conditions, i.e. heating and pressurizing of the liquid
in the alcogel pores above its critical point to minimize capillary forces and eliminate liquid-
vapor interfaces.”®! High temperature supercritical drying is known as the original
procedure.[*”’! Thereby, the aerogel is placed in an autoclave with a respective fluid, which is
slowly heated above its critical point. Subsequent slow pressure release affords a reduction of
capillary forces and stabilizes the network structure.?®>) Although, this method has many
benefits (e.g. post-reaction and better stabilization of the silica network), several drawbacks like
the required high pressure and temperature (e.g. methanol: Tec: 239.5 °C, pe: 79.8 bar) and the
flammability of the solvents are facing each other. The use of CO: as supercritical fluid, with a
critical temperature of Tc =31.1 °C and pressure p. = 72.8 bar, offers the possibility of low
temperature supercritical drying. To execute low temperature supercritical drying, the alcogel
is placed in an autoclave with an excess of the solvent. Afterwards the autoclave is cooled and
filled with liquid COz. During this process, the solvent is extracted from the autoclave. Solvent
exchange shall be repeated after several hours. Afterwards, CO2 is brought to supercritical
conditions and the autoclave is slowly depressurized to obtain aerogels.[?332°4 For supercritical
drying, solvent exchange can have a big impact as it influences drying temperatures and
pressures. The used solvents furthermore have divergent miscibility with liquid and
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supercritical CO2 (e.g. acetone is well miscible with CO2 and thus it is often used for low
temperature supercritical drying). Solvent exchange to unpolar solvents and surface silylation
is often applied to obtain super hydrophobic silica aerogels.[28!-285.286]

Aerogel Xerogel

Onetwork - solvent - air

Figure 27. Comparison of the alcogel, aerogel and xerogel structures.
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3. Motivation

SiNCs are suitable for a high number of applications (e.g. sensing, bioimaging, catalysis etc.)
as they have promising optoelectronic properties and a low toxicity. Unmodified SiNCs often
suffer from external influences such as surface defects, photobleaching and fast oxidation.
Thus, their use in hybrid and composite materials is relatively limited, and the priority for the
development of new strategies grew. The aim of this thesis is to investigate and analyze the
surface functionalization strategies. Therefore, the preparation of novel stimuli-responsive
hybrid and composite materials with unprecedented features is done. Three topics are
highlighted in detail:

Preparation of Stimuli-Responsive Polymer Hybrid Silicon Nanoparticles by Surface-Initiated
Group Transfer Polymerization: The interconnection of SiNCs with important materials, such
as perfluorinated compounds, polysiloxanes!?*?! or polystyrene??®! results unprecedented hybrid
materials with excellent stabilization of the SINC surfaces and good processibilities. However,
the thermal and microwave induced surface functionalization procedures used in these studies
were unselective regarding to surface oligomerization.['?] Furthermore, the functions of the
polymer materials were limited to their processability and SiNCs stabilizations. Poly(dialkyl
vinylphosphonates) (DAVP) are well known water soluble materials with a lower critical
solution temperature (LCST) close to the physiologic region.[?’>?76! The polymers are obtained
in high molecular weights and narrow polydispersities by catalytic precision polymerization
(group transfer polymerization; GTP) using rare earth metal catalysts.[*53] The first strategy has
demonstrated the suitability of this method on flat silicon surfaces via free acrylic groups.
Therein the LCST effect of the surface by polarity changes was presented previously.[?”” Thus,
the goal of the thesis is to develop a SINC-PDAVP hybrid materials with stable bright red PL,
good dispersibility in water and a thermoresponsive behavior, which is going to be complied
by precision polymerization (Scheme 36).
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Scheme 36. Planned pathway for the preparation of SiNC-PDAVP hybrid materials.

In-Situ IR-Spectroscopy as Tool for Monitoring the Radical Hydrosilylation Process on Silicon
Nanocrystal Surfaces: Surface hydrosilylation is the most important procedure to passivate and
stabilize SiNCs.['®!®1 Amongst a number of surface grafting procedures,36:161:192:201.208.227]
radical reactions stand out because they are comparably cheap, functional group tolerant and
can be used to prepare monolayer surfaces.?® Although a reaction mechanism has been

proposed, no methodology has been developed to understand the detailed steps of surface
68



3. Motivation

grafting so far. Therefore, time resolved in-situ infrared spectroscopy (IR) is exploited to study
the consumption of surface Si-H groups during the grafting procedure (Scheme 37). The aim
of this investigation is to draw conclusions regarding the variation of different factors like
radical or monomer concentration and olefin sterics to postulate a sustainable grafting
mechanism.

wavenumbers (cm)
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Scheme 37. Schematic illustration of the SiNC grafting mechanism combined with in-situ IR spectroscopy of the process.**”
Reproduced and adapted with permission from reference 296. Copyright 2017 Royal Society of Chemistry.

Superhydrophobic Silicon Nanocrystals - Silica Aerogel Hybrid Materials: Synthesis,
Properties, and Sensing Application: Due to their unprecedented properties - low density, ultra-
high porosity and defined inner surfaces silica aerogels and mesoporous silica materials have
high potential in applications such as filtration, material adsorption or insulation.[282283.286.291]
They can easily be prepared by sol-gel chemistry and advanced drying procedures.!**8) Guan et
al. intercalated triethoxyvinylsilane grafted SiNCs into a customized mesoporous silica and
gained a turbid material powder with ordered pores and PL at 600 nm.['*”) Another example
presented by Aghajamali et al. intercalated SiNCs with different surface polarities to gain a
(2341 Both examples demonstrated the great potential of
composite materials. However, in the first example SiNCs were prepared by thermal protocols
leading to surface oligomerization and no covalent linkages between the materials could be
achieved in the second approach. The aim of the current study is to prepare a superhydrophobic
and covalently linked silica aerogel-SiNC hybrid materials (Scheme 38), which combines the

silica aerogel composite material.

high porosity of the aerogel with the reversible PL quenching features of SiNCs towards
nitroaromatics. Radical SINC surface grafting of triethoxyvinylsilane is the reaction platform
of choice to obtain good SiNC surface protection with reactive surface groups similar to the sol
gel precursor.

LR (Et0)sSI jSi(OEt)3
N/ Et0)sSi 7 X
H— Si —H ()3—|> (BtO)Si~v g sol-gel Process
/1 \H radicals \/\Si(OEt)3 supercritical Drying
H AN
: (EO:SI™  Si0Et),

SiNC-aerogel composite

Scheme 38. Planned preparation strategy for SiNC-silica aerogel composite materials.
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4. Silicon Nanocrystal Functionalization and Hybrid Materials

4.1. Preparation of Stimuli-Responsive Polymer Hybrid Silicon Nanoparticles by
Surface-Initiated Group Transfer Polymerization

4.1.1. Thermoresponsive and Photoluminescent Hybrid Silicon Nanoparticles by
Surface-Initiated Group Transfer Polymerization of Diethyl Vinylphosphonate

4.1.1.1.  Summary

Group-transfer polymerization (GTP) is a very precise method to polymerize Michael-type
molecules like methyl-methacrylate (MMA) or dialkyl vinylphosphonates (DAVP) with narrow
PDIs and high molecular weights. Poly(dialkyl vinylphosphonates) (PDAVP) are polymers that
exhibit a lower critical solution temperature (LCST) effect in water with sharp transitions from
cloudy to clear. Combining these advantages, the development of a surface initiated group-
transfer polymerization (SI-GTP) approach on silicon nanocrystals (SiNCs) using diethyl
vinylphosphonate was applied to prepare water soluble and photoluminescent SiNC hybrid
materials with LCST.

To establish functional surfaces, ethylene glycol dimethacrylate (EGDM) was reacted with the
hydride terminated SiNCs using photografting at 365 nm. This resulted in a hybrid SiNC-
poly(ethylene glycol dimethacrylate) (PEGDM) network structure with free methacrylic
moieties. Addition of the GTP catalyst bis(cyclopentadienyl)trimethylsilylmethylyttrium
tetrahydrofurane (Cp2Y CH2TMSethf) induced the impregnation of the surface by reaction with
the free acrylic groups. Hence, intermediate enolate species were formed, which are well known
as efficient initiators for GTP. Upon the addition of diethyl vinylphosphonate (DEVP),
instantaneous polymerization to poly(diethyl vinylphosphonate) (PDEVP) was achieved. After
purification, the particles had a hydrodynamic diameter of 441 + 96 nm and contained of 15 %
nanoparticles, 4 % EGDM and 81 % PDEVP. The SiNC-g-PEGDM-g-PDEVP hybrid material
became water dispersible. Although a metal catalyst was applied, the bright red PL of the SINCs
was sustained because of the good passivation of the nanoparticle surface. Furthermore, the
hybrid materials exhibited the LCST effect of the polymer at temperatures above 34 °C, as
determined by time resolved dynamic light scattering.
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Abstract: We present ¢ method to combine the functional
features of poly(diethyl vinylphosphonate) (PDEVP) and
photoluminescent silicon nanocrystals. The polymer—particle
hybrids were synthesized in three steps through surface-
initiated group transfer polymerization using Cp,YCH,TMS-
(thf) as a catalyst. This pathway of particle modification
renders the nanoparticle surface stable against oxidation.
Although SINC properties are known to be sensitive toward
transition metals, the hybrid particles exhibit red photolumi-
nescence in water. The temperature-dependent coiling of
PDEVP results in a change of the hydrodynamic radius of
the hybrid particles in water. To the best of our knowledge, this
is the first example of controlled catalytic polymerization
redactions on a silicon nanocrystal surface.

In 1992, Yasuda et al. developed a new route of catalytic
polymerization reactions, utilizing the rare earth metal
catalyst [Cp*,SmMe(THF)] for the polymerization of
methyl methacrylate to high molecular weight polymers.']
The concept of this so-called rare earth metal-mediated group
transfer polymerization (REM-GTP) was recently optimized
and applied to a variety of monomers.”) Especially dialkyl
vinylphosphonates (DAVPs), which are structurally and
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electronically similar to acrylates, can easily be polymerized
by REM catalysts yielding polymers with molecular weights
in the region of 100 to 1000 kDa.*-! The obtained PDAVPs,
for instance, poly({diethyl vinylphosphonate) (PDEVP), are
water-soluble and exhibit thermoresponsivity close to the
physiological range.) The temperature of this so-called
“lower critical solution temperature (LCST) effect” is adjust-
able in the range of 5°C to 92°C by changing the comenomer
composition of DEVP and di-r-propyl vinylphosphonate
(DPVP), forming almost perfect alternating statistic copoly-
mers!?

An additional important step was the development of
covalently bound PDAVP brushes on flat surfaces for
biomedical applications (cell growth and release surfaces).
A REM catalyst, namely bis(cyclopentadienyl ytterbium
methyl) [Cp,YbMe| was immobilized on a modified silicon
surface and the polymer growth occurred linearly within a few
minutes. The polarity of the homogeneous surface layer can
be tailored by temperature changes.!”

The effects and strategies described before are useful for
the modification of photoluminescent silicon nanocrystals
(SINCs). The application of such SiNCs requires non-agglom-
erating dispersions that are reasonably stable against oxida-
tion. Such stability is readily achieved by a covalently bound
organic layer that protects the particles against oxidation and
renders them dispersible in various solvents.* In most cases,
robust organic layers are formed through the hydrosilylation
of unsaturated carbon compounds like dodecene or styrene
with $i—H-terminated surfaces.® ! Instead of applying high
temperatures, UV-light is often used as a mild hydrosilylation
method %! Due to the size-dependent optical properties,
the reactivity of SINCs and bulk silicon surfaces often differ
drastically and the mere adaption of existing protocols is
likely to fail" Routes to defined polymeric structures on
SiNC surfaces are scarce in literature.'** Hybrid particles
bearing polymeric compounds on their surfaces offer the
opportunity to combine the optoelectronic properties of the
quantum dots with the polymer characteristics and are
therefore of great interest.

Here we present a catalytic method to combine the
material properties of PDEVP with the optoelectronic
properties of SiNCs with a size of 3 nm. The PDEVP cover
was grown using REM-GTP starting from methyl acrylic
surface groups. Furthermore, we demonstrate the unique
properties of both, SiNCs and PDEVP, united in one
particular system.

Angew. Chem. Int. Ed. 2014, 53, 12494 —12497
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at 1733cm ', while other bands
remained constant, which is in accord-
ance with the formation of the cata-
lyst—cnolate specics (Figure 1B).

The impregnated particles were
reacted without further purification.
Due to the slow initiation rate in
solution, "l an excess of catalyst was
used as water scavenger (o protect the
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Scheme 1. A) Schematic description of the SI-GTP {grey: silicon nanocrysta

network, blue: free methyl acrylate terminated binding sites, red: activated catalyst species, green:
PDEVP chains). B) Insights into the mechanism of the SI-GTP achieved with methyl acrylic groups

as initiating ligand and DEVP as the monomer."

SiNCs with diameters of 3 nm were oblained in a silica
matrix by the heating of hydrogen silsesquioxanc (T1SQ) for
1 h at 1100°C under a slightly reducing atmosphere (5% Ha/
95% Ar). SiNCs were liberated by I1T7 etching, before the
photografting of cthylene glyeol dimethacrylate (EGDM).1*
UV irradiation (365 nm) of the SiNCs in an E(GDM solution
overnight leads to nancparticles with free methyl acrylic
surface groups (Scheme 1A). Alterwards, the solution was
diluted and centrifuged. Silicon nanocrystals-graft-poly(ethy-
lene glycol dimethacrylate) (SiNCs-g-PEGDM) particles
were sedimented by centrifugation, whereas the free homo-
polymer, which was formed in side reactions, was precipitated
[rom the supernatant using pentane as an antisolvent. The
particle fraction was redispersed in toluene and centrifuged to
separale the residual monomer. The success ol the EGDM
grafting was seen in attenuated total reflectance infrared
spectroscopy (ATR-IR) by a deercasc of the Si- 11 stretch at
2109 cm ! and the emergence of a (=0 (1733 cm ) and C—O
stretching band at 1170 em ' (Figure 1 A). Additionally, very
weak C=C stretch vibralions were recorded at 1652cm™*
(Figure 1 A).

The dried SiNCs-g-PEGDM particles were redispersed in
dry (oluene and impregnated with the GTP-catalyst
Cp, YCIT, TMS(thf) (15.9 pmol related to 100 mg silicon—
silica composite material), which coordinated to the carbonyl
tunctionality of the residual methyl acrylic groups. This
cffected a covalently bound catalyst—cnolate species at the
surface (Scheme 1B)." An aliquot of the sample was
isolated and centrifuged two times under inert gas atmos-
phere for purification. The iniliation reacticn of the catalyst
on the surface was [ollowed using ATR-IR speclroscopy.
ATR-IR analysis showed a decrease of the carbonyl vibration

Angew. Chern. Int. Ed. 2014, 53, 12494 —12497 © 2014 Wiley-VCH Ve
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polymerization. GTP on the particle
surfaces starts immediately after the
addition of DEVP. The chain propa-
gation proceeds comparably fast to
the initiation reaction, according Lo an
cight-clectron process (Sche-
mec 1B).°*7 The polymerization
was terminated after one hour by the
addition of mcthanol and yiclded
d E“’ o lincarly grown PDEVP layers, which
are covalently bound to the SiNCs
(SiNCs-g-PEGDM-g-PDEVP; Sche-
|, black: PEGDM me 1A). The purification was ach-
icved by redispersion and subscquent
centrifugation processes in toluene
and methanol (see above). The
PDEVP-functionalized SiNCs exhib-
ited vinylphosphonate bands (P=0O stretch at 1220 em™ and
the PO stretch at 1015 em™) of strong intensity compared to
the bands of the methyl acrylic group (C=0 at 1733 cm™' and
C O at 1170em '), which indicates the formation of
a PDEVP cover (Figure 1 A). Furthermore, the appearance
of the CH, bending vibration at 1451 cm™*, which could be
assigned to the polymer backbone, demonstrates the exis-
tence ol poly(diethyl vinylphosphonate).

The photografting of EGDM, catalyst impregnation, and
the polymerization were proven by X-ray photoclectron
spectroscopy (XPS: Figure $1-3) and electron-dispersive X-
ray spectroscopy (EDX: Figure $4-6). We used X-ray dif-
[raction measurements (XRD) Lo conlirm the presence of the
SiNCs in the hybrid systems (Figure 7). Asymmetric flow-
field flow [ractionation (AF4) measurements conlirmed the
purity of SiNCs-g-PEGDM-g-PDEVP. We could show that
after three centrifugation steps, the polymer was quantita-
tively washed out and only polymer-modified particles were
collected in the pellet (Figure S12). Homopolymer, which was
found in the supernatant of the first centrifugation was mixed
with some of the particles to confirm the separation by A4
(Figure S13).

To evaluate the weight proportions of PEGDM, PDEVE,
and SiNCs, TGA measurements were performed (Figure §9).
In the SiNCs-g-PEGDM system, the amount of SiNCs is
dominating compared to PEGDM (Table 1). After surface-
initiated group transfer polymerization (SI-GTP), a distinct
quantity of PDEVP was found, whereas the SiNCs as well as
PEGDM are the minor species.

The bifunctional acrylic monomer EGDM generated
aggregates of both, EGDM and covalently linked silicon
nanocrystals. There were no single nanoerystals detected in

rlag GmbH & Co. KGaA, Weinheim www.angewandte.org
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Figure 1. A) ATR-IR of hydride-terminated silicon nanocrystals, SiNCs-
g-PEGDM, Cp,YCH,TMS (thf)-impregnated SiNCs-g-PEGDM (SiNCs-g-
PECDM-impreg-Y), and SiNCs-g-PECDM-g-DEVP. B} Magnification of
SiNCs-g-PEGDM and SiNCs-g-PEGDM-impreg-Y.

Table +: Amounts of PEGDM, PDEVP, SiNCs, and the hydrodynamic
radii (R,) of the products.

EGDM PDEVP SiNCs Ry

[wt %] [wt %] [wt %]9 [nm]™
SiNCs-g-PECGDM 20 - 80 177 £ 81
SINCs-g-PEGDM-g- 4 81 15 441496

PDEVP

[a] Calculated from TCA measurements. [b] Obtained by DLS measure-
ments using a regularization fit: SINCs-g-PEGDM in ethylacetate; SINCs-
g-PEGDM-g-PDEVP in water.

transition electron microscopy (TEM) and dynamic light
scattering (DLS) and the aggregates could net be redispersed
by intense ullrasonication. We have shown carlier that
dodeeene, which is not known ag a good monomer, tends Lo
oligomerize during SINC modification, and thus we conclude,
hat EGDM tends te build up network structures."" We argue
from the hydrodynamic radius (R,) of 177 nm [ound by DLS
(Table 1, Figure S10), which is much larger than the obtained

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

radius from TEM images (Figure §8), that $iNCs-g-PEGDM
underwent swelling while dispersed in ethyl acetate, Organic
acrylates are known to be soluble in polar organic solvents
like cthyl acetate, but not in water™ We belicve that the
EGDM layer collapses after SI-GTF, when a bulky PDEVP
layer (Figure S11) coats the outer sphere of the SiNC-g-
PEGDM aggregates. Particles coated with PDEVD were well
dispersible in water al room temperature, whercas SiNCs-g-
PEGDM could not be dispersed in water.

Some polymers show an LCST behavior that is caused by
thermoresponsive coiling.” PDAVPs and their copolymers
coil in a particularly narrow temperature interval and then
precipitate from solution® The temperalure-dependent
determination of the hydrodynamic radii of our particle—
polymer combination by DLS indicated a thermoresponsive
behavior of SiNCs-g-PEGDM-g-PDEVP. The hydrodynamic
radius (R,) decreased in a temperature range of 30 to 55°C,
probably due to coiling of surface polymers (Figure 2B). The
smallest hydrodynamic radius, observed al temperatures
above 55°C, was 140 nm, smaller than the average radius of
the swollen SiNCs-g-PEGDM determined in ethyl acetate.
We believe that the PEGDM layer collapses in water and the
PDLEVP layer coils at above 55°C. When the system was
coocled 1o room temperature, Ry grew above the value [ound
for freshly prepared particles. We assume that the increase in
R, after one temperature cycle is due to an elongation of the
PDLEVP chains en the surface to the maximum. The particles
become oo unpolar and slowly precipitate from walter,

>

intensity

500 600 700 800 900 1000
wavelength (nm)

20 30 70

40 50 60
temperature (°C)

RT

RT

a b c d

Figure 2. A) Red photoluminescence of SINCs-g-PEGDM-g-PDEVP in
water upon irradiation at 365 nm, B) LCST measurement (temperature
gradient 1°Cmin ', equilibration 1 min) of SiNCs-g-PEGDM-g-PDEVP
in water. C) Turbid dispersion of SiNC-g-PEGDM-g-PDEVP in water at
ambient conditions {a) and under UV-light (b). After heating the
bottom part of the tube to 70°C for several hours aggregates can be
seen (c) and photoluminescence is focused to the aggregated part (d).
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Grafting PDEVP from SiNC surfaces leads to water-
dispersible particle systems with thermoresponsive behavior
and red-light photoluminescence (PL, Figure 2AB). To
achieve a visible correlation of these effects, we heated the
bottom part of a glass NMR tube containing a dispersion of
SiNCs-g-PEGDM-g-PDEVP to 70°C, while the upper part
was kept at room temperature. After a few hours, we obtained
a precipitate at the glass wall, which showed more focused PL
then the residual dispersion (Figure 2 C(c),(d)). This behavior
and the absence of photobleaching might allow applications
as conducting membranes or flocculating agents®! To adapt
the nanohybrid sensors to their field of application, the
temperature range and haziness of the demonstrated ther-
moresponsive behavior can be tuned by the copolymerization
of different water-soluble PDAVPs, as shown previously.”
Efforts towards the application of this method on freestand-
ing 3 nm silicon nanocrystals might open chances in the
biomedical field, for example, in bioimaging.'*)

In summary, we have shown an unprecedented method to
decorate surfaces of photoluminescent SiNCs with a size of
3 nm with hydrophilic polymers. This was achieved in a three-
step synthesis route. First PEGDM was photografted on the
hydride-terminated silicon nanocrystal surface under near
UV conditions, whereby the methyl acrylic groups remain
intact. Further steps allow the attachment of
bis(cyclopentadienyDtrimethylsilylmethylyttrium(thf), form-
ing an enclate intermediate, which is known to be an efficient
catalyst for group transfer polymerization reactions. Thus, we
polymerized DEVP on the silicon nanoparticle surfaces using
a catalytic pathway. Thermogravimetric analysis (TGA),
DLS, and TEM measurements evidence the thick PDEVP
covers on the SiNC surfaces. Although the SINCs were in
contact with a transition metal center, the obtained products
exhibit photoluminescence in water. In combination with the
LCST effect of the stimuli-responsive polymer, which was
demonstrated by temperature-dependent DLS measure-
ments, these particles are an interesting example for the
combination of the properties of SiNCs and functional
polymers. Further development with regard to the application
of this catalytic method to the surface of freestanding silicon
nanocrystals with a size of 3 nm are currently under way.

Experimental Section

All details about the synthesis of silicon nanocrystals, SiNCs-g-
PEGDM, and SiNCs-g-PEGDM-g-PDEVP as well as analysis details
are given in the Supporting Information.
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4. Silicon Nanocrystal Functionalization and Hybrid Materials

4.1.2. Surface-Initiated Group-Transfer Polymerization — A Catalytic Approach to
Stimuli-Responsive Silicon Nanocrystal Hybrid Materials

4.1.2.1. Summary

SiNCs can be paired with PDEVP using the GTP approach, which emerges hybrid materials
with both, bright red PL of the nanoparticles and the LCST effect of the polymer.[>*]
Copolymerization of DEVP with other DAVPs has an impact on the LCST cloud point of the
resulting polymer.[2’% Thus, the scope of this study was to find the appropriate conditions, in
which SI-GTP could be executed and which Michael type monomers could be applied.

To generate an appropriate reaction platform, EGDM grafting was performed using
hydrosilylation in near UV light resulting in a PEGDM-g-SiNC network with free acrylic
groups, which were readily impregnated with Cp2YCH2TMSethf. The catalyst amount, the
DEVP-monomer concentration and the monomer types were then varied. The surface polymer
concentration was strongly dependent on the catalyst concentration, whereby a minimum
amount of catalyst was required to obtain a significant surface polymer. Hence, the application
of 5.3 umol, 10.6 pmol and 21.2 pmol Cp2YCH2TMSethf resulted in 9 %, 57 % and 81 %
PDEVP on 72 %, 34 % and 15 % SiNCs containing 19 %, 9 % and 4 % PEGDM, respectively.
However, no significant changes in surface polymer concentrations were monitored, when the
catalyst concentration was kept constant, but the monomer concentration was varied. Thus, the
surface coverage with PDEVP is mainly dependent on the catalyst concentration, but not on the
quantity of monomer. Based on these results, methyl methacrylate (MMA), dimethyl
vinylphosphonate and diisopropyl vinylphosphonate could be successfully grafted on SiNC
surfaces, which was confirmed by ATR-IR and XPS spectra.
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ABSTRACT

Silicon nanocrystals are photoluminescent materials with a tremendous scope in various
niche applications especially the generation of hybrid materials. Our approach for the preparation
of stimuli responsive SiNC hybrid materials is based on the application of surface-mitiated
group-transfer polymerization. As a first step we used photografting of ethyleneglycol
di{methacrylate). Then we impregnated remaining methyl acrylic surface groups with the
catalyst Cp; YCH,TMS(thf]. We performed polymerization studies regarding catalyst and diethyl
vinylphosphonate (DEVP) concentrations, highlighting that surface grafting is dependent upon
catalyst concentration and independent from added monomer amount. Furthermore, we
successtully polymerized methyl methacrylate, dimethyl vinylphosphonate and dizsepropyl
vinylphosphonate from the SiNC surface.

INTRODUCTION

Photoluminescent silicon nanocrystals (SiINCs) are non-toxic and electrochemically
stable altematives to well-established group I[I-V] and I1I-V elements based semiconductor
quantum dots.[1,2] They exhibit photoluminescence (PL) in the visible range (420790 nm)
below 5 nm often attributed to the quantum confinement effects.[3,4]

To preserve PL, render SiNCs dispersible in a variety of solvents, and protect their surfaces
against oxidation, functionalization and thus, mainly the formation of 8i-C groups is an
important area of research in the 8iNCs research community.[Z,5-8] There is scarcity of
literature on comprehensive investigations on SINCs hybrid materials which are typical
composed of polymers and SiNCs.[9]

Rare earth metal-mediated group-transfer polyvmerization (REM-GTP} offers a catalytic
pathway to obtain polymers. Using a catalyst bearing a rear-earth metal in the center and organic
ligands, a variety of polymers like poly {(dialkyl vinylphosphonates} (PDAVPs), methyl
methacrylate (MMAY) or 2-vinylpyridine (2-VP} can be obtained with narrow polydispersities
(PDIs) and high molecular weights.[10—14] PDAVPs like poly (diethyl vinylphosphonate)
(PDEVP) are of high interest due to their water solubility and thermoresponsive behavior near
physiological regime.[10,11] Upon copolymerization with different homologues (e.g. dimethyl
vinylphosphonate or diisopropyl vinylphosphonate) the thermoresponsive coiling temperature of
the polymers can be tuned based upon the required properties.[15]
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4. Silicon Nanocrystal Functionalization and Hybrid Materials

We performed surface-initiated group transfer polymerization (81-GTP) from SiNC
surfaces to obtain stimuli responsive hybrid materials based on the 8iNCs photoluminescence
and the thermoresponsive behavior of PDEVP.[16] Using this method, we could demonstrate a
catalytic process to obtain hybrid materials which could be useful for drug delivery, proton
conducting membranes or flocculating agents after further developments. Thus, we performed
studies to understand catalyst and monomer concentrations influence of PDEVP polymerization
from SiNC surfaces and the findings are presented below for various polymer-hybrids obtained
through SI-GTP on SiNCs.[16]

EXPERIMENTAL DETATLS

All chemicals were purchased from Sigma Aldrich and used without further purification
if not stated otherwise. Ethylene glycol dimethacrylate (EGDM) was dried over calcinm hydride
and subsequently distilled. All reactions were performed under an inert gas atmosphere. General
methods and synthetic procedures were adapted from elsewhere.[16] All catalyst and menomer
concentrations are based on 100 mg Si/8i0; composite material before HF etching.

Group Transfer Polymerization on SiNCs-g-PEGDM surfaces

2 ml of a previously prepared SINCs-g-PEGDM dispersion in ethyl acetate (100 mg
8i/8i0,) was dried in vacuum and afterwards dispersed in dried and degassed toluene.
Afterwards various amounts of catalyst were added to 5 mL of toluene. The 8iNCs-g-PEGDM
dispersion is then added to the catalyst solution and was allowed to stir for 1 h. Then the
menomer is added and polymerization was allowed to proceed for 1 h at room temperature. The
reaction is quenched using 0.1 mL of methanol. The viscous dispersion so obtained is
centrifuged for 20 min at 9000 rpm. Purification was achieved by three times repeating the
centrifugation steps using different solvents (depending upon the monomer used). Catalyst- and
monomer concentration as well as the solvent for purification can be found in Table 1.

Table I: Reaction details referred to 100 mg Si/SiO; composite material. SiNCs-g-PEGDM are named as

entry 1.
Entry Monomer Monomer amount Catalyst amount purification solvent
2 DEVP 0.2 mL Llmmoel | 2.0mg 5.3 pmol methanol
3 DEVP 0.4 mL 23mmel | 4.0mg 10.6 pmel methanol
4 DEVP 0.8 mL 4.6 mmol | 8.0mg 21.2 pmel methanol
] DEVP 0.2 mL Llmmel | 8.0mg 21.2 pmel methanol
6 DEVP 0.4 mL 23mmel | 8.0mg 21.2 pmel methanol
7 DEVP 0.8 mL 46mmol | 8.0mg 21.2 pmol methanol
8 MMA 0.8 mL 8.0mmel | 8.0mg 21.2 pmel methylene chloride
9 DMYVP 0.8 mL 5.0mmel | 8.0mg 21.2 pmel methanol
10 DIVP 0.8 mL 42mmol | 8.0mg 21.2 pmol methylene chloride
14
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4. Silicon Nanocrystal Functionalization and Hybrid Materials

DISCUSSION

Photoreaction of SINCs with EGDM leads to SiNCs embedded in a poly ethylene glycol
(dimethacrylate) (SiNCs-g-PEGDM) network with free methacrylic groups (Scheme 1).[16]
These moieties are impregnated with the catalyst bis(cyclopentadienyltrimethylsilylmethyl-
yttrium(if) [Cpo Y CH.TMSH:f]. After the polymerization process, SiNCs-g-PEGDM-g-PDEVP
are obtained with a hydrodynamic radius of 441 + 96 nm (Scheme 1).[16]
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Scheme 1: Procedure of the surface-initiated group-transfer polvmerization on SiNC surfaces.|16]

The Effect of Catalyst and Monomer loading

Earlier, we demonstrated the process of DEVP polymerization using high concentrations
of catalyst and monomer (Table T, entry 1). We now turn our attention to the variation of the
catalyst and monomer loading to optimize the concentrations for obtaining maximal yields.
Therefore, we performed two series of experiments; first we varied both, catalyst and monomer
amounts at a constant ratc {Tablc I, entrics 2-4). Sccondly, wc performed reactions at constant
catalyst loading while varying the amount of monomer added (Table I, entries 5-7).

A 1 - G
90
-20%
2940 2095 1728 1833 Tl R :
S SH c=0¢C g =
2 E® o g
‘; 50. ST
s NS N
£
200 400 B0O 800
% 3 T
[
s 1220 CZ
£ |4 P=0

3000 2500 2000 1500 1000 4 !

200 0

wavenumber {cm’) “}"(.C)E”
Figure 1: ATR-IR spectra (A) and TGA data (B) of SINCs-g-PEGDM (1), SiNCs-g-PEGDM-g-PDEVP with
5.3 pmol eatalyst and 1.1 mmol DEVP (2), 10.6 pmol catalyst and 2.3 mmol catalyst (3) and 21.2 pmol catalyst
with 4.6 mmol DEVP (4); TCGA data of SiNCs-g-PEGDM-g-DEVP with 21.2 pmol catalyst and various

concentrations of monomer (5-7; C).

After the photoreaction of SiNCs, thermogravimetric analysis (TGA, Figure 2, B-1,
Table 11, entry 1) revealed a surface coverage of 21 wt.% assigned to the PEGMD cover, while a
SiNCs residue of 79 wt.% remained, which agrees with previous results. EGDM grafting was
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4. Silicon Nanocrystal Functionalization and Hybrid Materials

furthermore verified by attenuated total reflectance infrared spectroscopy (ATR-IR)
measurements (Figure 2 A-1).[16] Thus, characteristic C=0 stretches (1728 cm™) and residual
C=C stretches (1633 cm'l) were observed and the SiH stretch (2095 cm'l} has significantly
decreased compared to freshly etched SiNCs (Figure 1, A-1).[16]

SI-GTP of DEVP using a low amount of Cp: YCH>TMS(#hf} leads to a minimal coverage of
PDEVP onto the SINCs-g-PEGDM. This was further verified from the TGA measurement,
whereof only 3 wt.% was determined for a partial PDEVP surface coverage which is
significantly lower than full coverage. (Table 11, entry 2). It is also worth mentioning that a small
amount of catalyst is required to scavenge the trace water present in the reaction. Thus, at low
catalyst amounts, polymerization does not occur due to catalyst decomposition. Upon increasing
the amount of catalyst and monomer (at a constant ratio}, the polymer surface coverage
increased, as evidenced by the TGA measurements. (Figure 2 B-3, 4; Table II). Furthermore
dynamic light scattering (D1.S) also confirmed an increase in the hydrodynamic radii upon
increasing the polymer coverage. (Table II). In ATR-IR P=0 (1220 cm™) and P-O (1027 cm™)
bonds are assigned to the the SINCs surfaces, describing a good functionalization with DEVP
(Figure 1 A-3,4). Based on these results we assume quantitative conversion of catalyst in respect
to the surface groups and as consequence, the surface is densely grafted with PDEVP.[16]

Table IT: Caleulated amounts of EGDM, PDEVP and particles and hydrodynamic radii (R]') obtained by
DL3-measurements of modified nanoparticles. Entry 14 are according to Table I.

EGDM (wt.%) PFDEVP(wt.%) | Particles (wt.%) R" [nm]
1 21 0 79 177+ 81
2 19 9 72
3 9 57 34 428+ 91
4 4 81 15 441+ 96

Upon varying of the monemer concentration at a constant catalyst concentration (Table I,
entry 5-7) we found, that the polymer coverage is consistent with the concentrations used in
entry 4 (Table I} as the TGA depicts similar weight losses as observed previously.

(Figure 2, C).[10] Hydrodynamic radii for all these samples are around 275 nm. The
polymerization seems to be dependent upon that catalyst concentrations as the polymer surface
coverage increases with an increase in amount of Cp, Y CH TMS(#Af). Although the SI-GTP is
known as fast living polymerization,[13] we assume that chain growth is interrupted during the
reaction. We are currently investigating the termination behavior of the catalyst from SiNCs-g-
PEGDM surfaces.

The Monomers Investicated

B ome 'b',:' o o
I p“OMe: XOE : )tOiPr
A Dve  DEve  OivP

Figure 2: Monomers used for SI-GTP.

Once the reaction conditions were optimized, different monomers were used for SI-GTP
to probe the properties of the various hybrid materials obtained (Figure 2). Especially, the
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4. Silicon Nanocrystal Functionalization and Hybrid Materials

polymerization of vinylphosphonate homologues is of high interest as it can provide a handle to
tune the thermoresponsive behavior on the obtained hybrid.[15] For these polymerization
reactions, SiNCs-g-PEGDM were prepared and catalyst impregnation was performed as
described elsewhere (Scheme 1).[16]
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2 3 P-O binding energy (eV} binding energy (eV)
g{ c o1s E als
H | H A
z = \
981 i ]
P-0 £ ﬁ . 2
T T T T T b : — [T
2000 20 2000 1500 1eoo 536 534 532 530 538 538 536 534 532 530 528
wavenumber {cm ‘) binding energy (eV) binding energy (eV}

Figure 3: A) IR spectra of SINCs—g-PEGDM-g-PMMA (1), SiNCs-g-PEGDM-¢-PDMVP (2) and SiNCs-g-
PEGDM-g-PDIVP (3); XPS spectra: B) Si 2p, SiNCs-g-PEGDM-g-PMMA; C) O 15, SiNCs-g-PEGDM-g-
PMMA; D) P 2p, SiNCs-g-PEGDM-g-DMVP; E) O 1s, SiNCs-g-PEGDM-g-DMVP.

In ATR-IR we assigned specific bands of the monomer besides the general available C-H
stretching at around 2940 cm™! and CH; bending at 1440 em™ (Figure 3 A 1-3), Thus, C=0
(1733 cm™') and C-0O stretching (1244 em”, 1150 em™) modes were observed for PMMA, while
vinylphosphonates exhibit P=0 (1224 cm™) and P-O stretches (1035 cm™! for PDMVP,
1027 cm™' for PDEVP and 981 cm™' for PDIVP). High resolution XPS measurements further
confirm these results. It is also worth noting that detection of Si(0) is very challenging as
compared to Si(oxide) species due to low penetration depth of XPS in the present scenario due to
thick polymer surface coverage. (Figure 3 B).[9] Using SiNCs-g-PEGDM-g-PMMA three
oxygen species (Figure 3 C) were detected which can be assigned to Si-O (533.9 eV), C-O
(532 c¢V) and C=0 (533 cV). After grafting of vinylphosphonatcs, characteristic binding energics
of phosphorus (133 eV; Figure 3 D) and oxygen could be obtained (Figure 3 E). The signal at
530.5 eV could be assigned to P=0 bonds from dialkyl vinylphosphonates, XPS spectra of both,
SiNCs-g-PEGDM-g-PDEVP and SiNCs-g-PEGDM-g-PDMVP are similar. Furthermore TGA
and PL measurements confirmed successful the polymerization success from SiNCs surfaces and
agrees with previously reported results thus not presented here.[10,16]

CONCLUSIONS

The aim of our work was to optimize reaction conditions regarding the surface-initiated
group-transfer polymerization of poly(dialkyl vinylphosphonates) on silicon nanocrystal
surfaces, to obtain various materials for applications like in drug delivery or thermosensitive
membranes. Silicon nanocrystals were grafted with ethyleneglycol di(methacrylate) to obtain
characteristic acrylic surface groups for a surface-initiated group transfer polymerization. Such
modified SINCs were impregnated with the rare earth metal catalyst his(cyclopenta-
dicnyl)trimcthylsilyl-methylyttrium(thf) and dicthyl vinylphosphonatc was polymerized from the
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4. Silicon Nanocrystal Functionalization and Hybrid Materials

surfaces. We found by varying the catalyst and monoemer concentration that a minimum amount
of catalyst is necessary for the effective polymerization and the grafting density is dependent
upon catalyst concentration. No change in polymer grafting density was observed, when catalyst
concentrations were kept constant while varying the monomer concentrations. This indicates that
termination reactions can occur during the polymerization reaction. Furthermore we
demonstrated, that the method is applicable to variety of monomers like methyl methacrylate,
dirnethyl vinylphosphonate and difsopropyl vinylphosphonates thus showing the versatility of the
approach. Investigations are underway to understand the mechanism of the SI-GTP from the
SiNCs surface and we plan to apply copolymerizations of different dialkyl vinylphosphonates to
tune the thermoresponsive behavior of hybrid SiNCs.
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4.2.In-Situ IR-Spectroscopy as Tool for Monitoring the Radical Hydrosilylation
Process on Silicon Nanocrystal Surfaces

4.2.1. Summary

Radical grafting on SiNCs is a very promising tool due to its straightforward nature and its high
tendency to form monolayer surfaces. Although efforts were made to propose a mechanism,
several reactivities remained unclear. Furthermore, albeit often used as quantitative reaction
indicator, not much has been known about the “clarification” of SiNC dispersions during
hydrosilylations. The aim of the present study was the use of in-situ IR spectroscopy regarding
Si-H surfaces as a tool for monitoring the SiNC surface hydrosilylation rates under a variety of
conditions.

A combination of visible light (VIS) transmittance (800 nm) and in-situ IR spectroscopy
measurements was used to demonstrate the clearing of the SiNC-agglomerates during the
grafting process with 1-hexene, trimethylvinylsilane and triphenylvinylsilane. In all cases, the
dispersion turned clear before the surface reactions were completed. The effect became more
obvious for bulkier olefins, which generally exhibited slower reactivities. The radical
concentration determining the grafting speed of olefins on SiNC surfaces is probably one of the
most important factors for successful surface grafting. In the present study, vinylsilanes (e.g.
trimethylvinylsilane-TMVS) were used as reaction platforms due to their variability at the silyl
group. Although the SiINC grafting reactions were accelerated with increasing radical
concentrations, the rate converged to a maximum. At a very low radical concentration, the
radical efficiency for surface grafting increased above one — a clear indicator for the presence
of chain processes. In any case, the grafting speed was strictly dependent on the radical
concentration. Size exclusion chromatography experiments demonstrated, that solution
oligomerization presumably ran as the favored process over surface grafting. Furthermore, we
observed that the steric demand of the applied olefin or vinylsilane had a major impact on the
grafting rates. Bulkier vinylsilanes reacted slower than less crowded ones, demonstrating that
oligomer radicals and not free butyronitrile radicals are responsible for the generation of surface
silyl radicals. Variation of the monomer concentrations did not have an influence on the SINC
grafting rates.
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In situ IR-spectroscopy as a tool for monitoring
the radical hydrosilylation process on silicon
nanocrystal surfaces}

Julian Kehrle,}® Simon Kaiser,:® Tapas K. Purkait,” Malte Winnacker, ©°
Tobias Helbich,” Sergei Vagin,” Jonathan G. C. Veinot* and Bernhard Rieger (& **

Among a variety of SINC functionalization methods, radical initiated grafting is very promising due to its
straightforward nature and low propensity to form surface oligomers, In the present study, we employed
in situ IR spectroscopy in combination with visible light transmittance measurements to investigate the
radical induced grafting process on the well-defined SINCs. Our findings support the proposed model:
unfunctionalized hydride-terminated SINCs form agglomerates in organic solvents, which break up during
the grafting process. However, clearing of the dispersion is not a valid indicator for complete surface
functionalization. Furthermore, radical-initiated grafting reactions in which azobisisobutyronitrile (AIBN) is
the initiator are strongly influenced by external facters including initiator concentration, grafting tempera-
ture, as well as substrate steric demand. The monomer concentration was proven to have a low impact on
the grafting process. Based on these new insights an underlying mechanism could be discussed, offering an

rscli/nanoscale

Introduction

Silicon nanocrystals (SiNCs) have emerged as a class of non-
toxic, electrochemically stable quantum dots.™ It is well-estab-
lished that the optical and electronic properties of these prom-
ising materials may be tuned by varying the particle size and
surface chemistry.”® As a result of their exquisitely munable
optoelectronic response, a variety of prototype applications
have been demonstrated including sensors,”® bioimaging,” "'
and light-emitting diodes (LEDs).'* **

The most widely investigated methods for functionalizing
$iNCs are based upon variations (eg., metal catalyzed,'”
thermally-'® ** and photochemically-induced,***"  radical
initiated,**** etc.) of the general hydrosilylation reaction that
involves hydrogen-terminated SiNCs (H-SiNCs); each pro-
cedural variant has its own advantages and challenges.*** For
example, residual metal catalyst impurities can compromise
SINC optical response.”” Thermal and photoinitiated hydrosilyl-

“Catalysis Research Center/WACKER-Lehrstuhl fiir Makromolekulare Chemie,
Technische Universiidt Miinchen, Lichtenbergstrafie 4, 85747 Garching bet Mtnchen,
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“Deparinent of Chemistry, University of Alherta, Edmonton, Alberta T6G 262,
Canada. E-matl jreinol@ualberia.ca

7 Electronic supplementary information (ESI} available: Further synthetic pro-
cedure and analysis (e.g. UV-VIS, PL, TEM, HR-TEM, DLS, ATR-IR, XP$, NALDI,
TGA and elemental analysis}. See DOT: 10.1039/c7nro2265d

+]- K. and S. K. contributed equally.
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unprecedented view on the functionalization of SINC surfaces via radical initiated hydrosilylation.

ations apparently evade this issue. Thermal grafting of olefins
and alkynes is most often performed on a neat substrate and,
while it leads to surface modification, surface oligomerization
and solution phase homopolymerization have been identified
as potential [imitations.*™'? Oligomerization is minimized
(if not eliminated) by applying photoinduced protocols,
however, limited surface coverage often results and the NC
surfaces remain susceptible to deleterious reactivity (e.g,
oxidation) that can lead to altered and unpredictable pro-
perties.?®*¢  Furthermore, the general photochemical pro-
cedure is not effective for SiNCs of all sizes and substrates.”*
Of late there has been increased interest in metal-free catalysts
or radical initiators that offer efficient surface coverage
and short reaction times, however, even those can lead to
unexpected consequences related to optical response.?%
Despite the impressive advances, questions remain regard-
ing the efficacy of SiNC surface modification; perhaps the
chief among them is: how do SiNC surface reactions generally
proceed? Typically, the reaction progress is evaluated qualitat-
ively by monitoring the optical transparency of the reaction
mixture.*»** The basis for this analysis is the assumption that
the formation of sterically stabilized SiNC colloids will induce
a “clearing” of the formerly turbid dispersion of H-SiNCs.
SiNC grafting mechanisms have mostly been derived from flat

222528590 o1 focused on thermal® and photoi-

silicon surfaces
nitiated reactions.””*" Te date, no quantitative evaluation of
the reaction progress has been presented to support these

findings for radical initiated SiNC surface grafting. To address
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this concern, we describe a detailed IR study of hydrosilylation
reactions of a wide range of vinylsilanes on the surfaces of
well-defined H-SiNCs (d ~ 3 nm) initiated using azobisiso-
butyronitrile (AIBN).

Experimental
Material characterization and instrumentation

Muterials. All chemicals were purchased from Sigma Aldrich
and ABCR and used without purification if not stated other-
wise. Solvents were dried using a solvent purification system
LABmaster 130 from MBraun. Triphenylvinylsilane,**"
1,1,1,3,3-pentamethyl-3-vinyldisiloxane™ and 1,1,1,5,5,5-hexa-
methyl-3-(trimethylsiloxy}-3-vinyltrisiloxane™ were synthesized
according to the known literature procedures (ESI section 17).
Vinylsilanes were dried over molecular sieves and distilled or
recrystallized, AIBN was recrystallized from methanol prior to
use. Functionalization reactions were performed under an
inert gas using dry solvents. Centrifugations were performed
using ETFE centrifuge tubes purchased from Roth, to prevent
solvatization of oligoolefins from conventional centrifugation
tubes. Schlenk tubes for in situ ATR-IR measurements were
produced from the glassblower of the TUM, department of
chemistry.

Attenuated total reflectance infrared (ATR-IR) spectra were
measured by drop coating of the sample on the probe using a
nitrogen cooled VERTEX 70 FTIR spectrometer from Bruker and
a Platinum ATR unit (s - strong, m - medium and w - weak).
In situ IR spectroscopy was performed on a liquid nitrogen
cooled Mettler Toledo ReactIR 45 m with a silicon ATR probe
into a SiNC-toluene dispersion. Measurements were performed
every 30 seconds applying 125 scans.

UV/Vis spectra were recorded on a Cary 50 from Varian.
Transmittance measurements were performed in the absor-
bance mode using a wavelength of 800 nm.

Gel permeation chromatography (GPC) was obtained from a
Varian PL-GPS 50 Plus equipped with two PLgel MIXED-C
columns using tetrahydrofuran with a flow rate of 1 mL min *
Calibration was performed using polystyrene standards.

Functionalization of SiNCs

600 mg of the SINC composite are liberated by the HF etching
procedure, redispersed in 6 mL of toluene and transferred into
three in situ TR Schlenk tubes (ESI Table S27). Afterwards,
vinylsilane and toluene are added to provide a substrate
concentration of 1.26 mmol mL ' and a SiNC concentration of
1+ 01 mg mL™" at a fixed volume of 3.6 mL. The reaction
mixture is then degassed using three freeze-pump-thaw
cycles and ultrasonicated for 1 h. Subsequently the in situ IR
probe is dipped into the dispersion under an Ar flow. The
system is heated to the desired temperature (mainly 70 °C) and
stirred at 400 min * to equilibrate. After 10 min, a solution of
AIBN of the desired concentration {mainly 24.4 pmol dissolved
in 0.20 mL dry, degassed toluene) is added via a syringe.
The addition of AIBN defines ¢ = 0 min. The characteristic

8490 | Manoscate, 2017, 9, 8485-8455
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Si-H band between 2158 and 2040 cm ' is monitored. A two-
point haseline has been used to integrate the signal.

Results and discussion
Reactivity of Si-H nanocrystal agglomerates

To quantitatively evaluate the progression of radical initiated
hydrosilylation reactions on SiNCs it is preferable to monitor
the cases involving a molecular reagent that readily attaches to
the NC surfaces and exhibits a low propensity for solution-
phase polymerization; it is also important to employ a radical
initiator with well-understood reactivity. Vinylsilanes are an
ideal substrate for the present study, because it is established
that the pendant vinyl group affords effective functionalization
of SiNCs*” with low solution polymerization.*® Similarly, the
decomposition dynamics of the radical initiator azobisiso-
butyronitrile (AIBN) are intensely studied.*

In our study we used SiNCs prepared vie thermal dispropor-
tionation of hydrogen silsesquioxane followed by etching with
alcoholic HF.'"® After extraction, the resulting H-SiNCs are
isolated by centrifugation and dispersed in dry toluene;
subsequently, known quantities of vinylsilane precursors (e.g:,
trimethylvinylsilane, 'TMVS) or other alkenes (ESI Part 1.2.1,
Table S2+), and AIBN were added to the turbid reaction
mixture. Finally, the reaction progress was monitored by in situ
ATR-IR spectroscopy (ESI Fig. §17).

Fundamental changes are observed in the TR spectrum of
SiNCs upon functionalization with various substrates (Fig. 1)
and monitoring key features such as the Si-H absorption band
using in situ IR spectroscopy offers a unique opportunity to
track the reaction progress (ESI Fig. $11). In this regard, time
resolved in situ IR analysis was performed on a known volume
of a dispersion of H-SiNCs (d ~ 3 nm; 1 mg mL™")'® with a
total Si-H concentration of 18.8 umol mL™" (ESI section 2.27%)

1-alkene
AIBN H
70°C

H
N

LH

H—Si-H
Pl

H|1|H

(Toluene)

’\LSiH)

B(SI-CH,)—

o

1. H-8iNCs

2. TMVS-SiNCs

Intensity (a.u.)

V(C-H)

3500 3000 2500 2000 1500 1000

Wavenumbers (cm™)

Fig.1 (a) Schematic illustration of the radical SINC functionalization
process using trimethylvinylsilane as the substrate. (b) Attenuated total
reflectance infrared (ATR-IR) spectrum of H-SINCs (1) and TMVS-SINCs {2).
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and varying concentrations of vinylsilanes or alkenes, and
ATBN (ESI Table S11).

To correlate functionalization with optical clarity of the
reaction mixture simultaneous time resolved visible light
(800 nm) transmittance and in situ IR spectroscopy measure-
ments were performed using 1-hexene (Fig. 2a, 1), trimethyl-
vinylsilane (TMVS, 1I), and triphenylvinylsilane (TPVS, III).
With a decreasing size of S$iNC agglomerates, particle disper-
sions appear transparent due to a weaker Rayleigh scattering;
this observation has previously been used as a qualitative indi-
cator for effective functionalization of SiNCs and was assumed
to result from a nearly complete surface reaction.***?

The performed kinetic studies clearly demonstrate the
difference between the “clearing period” of the dispersion and
the time required for complete functionalization. This effect
depends on the steric bulk of the substrate, presumably
because surface reactions involving bulkier olefins are slower.
For instance, for the bulky TPVS (Fig. 2a, 1) the dispersion
becomes already clear after ~110 min, while the disappearance
of the Si-H signal needs additional 231 min. For the sterically
less bulky TMVS(u) the clarification time reduces to ~100 min,
but complete Si-H consumption is reached after another
97 min. The influence of the steric bulk of the substrate
becomes more obvious when using 1-hexene(r), which
becomes transparent after ~55 min (plus 54 min for Si-H con-
version). Fig. 2b shows the proposed underlying reaction
sequence of the following procedure: the Si-H groups of the
“outer surface” of the agglomerates react first. This induces a
breaking up of these large particles and generates continu-
ously “fresh” Si-H groups. Once the agglomerates reach a criti-
cal size, the dispersions become clear while the conversion of
Si-H groups proceeds on the individual nanocrystals.

Radical formation and their reactions

To gain further insight into the general nature of radical
initiated hydrosilylation grafting processes on H-SiNC surfaces,
several parameters were varied and the reactions were again

View Article Online
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maonitored using in situ IR spectroscopy. The influence of the
present radical concentrations on the SiNC functionalization
was determined by varying the AIBN concentrations (at con-
stant temperatures) and reaction temperatures (at a constant
ATBN concentration; EST Table 82,7 entries 1 and 2).%° Fig. 3a
shows that an increasing AIBN concentration affords higher
rapidity of the
functionalization converges and reaches a maximum at high
AIBN concentrations (see Fig. 3a, I, 11). Therefore, we propose
that at very high AIBN concentrations, cleavage of SiNC
agglomerates becomes the rate determining step.

As is the case with some literature proposals, at lower
AIBN concentrations surface hydrosilylation reactions proceed
vie a chain reaction mechanism, and radical efficiencies of the

functionalization rates. However, the

22,23

present SiNC surface reactions exceed unity as a consequence
of reduced termination reactions (Fig. 3b, ESI Tables $9 and
$101).*** The same proposal holds true, when the influence
of the temperature on AIBN decomposition is considered
(Fig. 3c). At 100 °C complete functionalization of H-SiNCs
occurs within 10 minutes, although with a lower radical
efficiency; at 50 °C the reactions require approximately 23 h.

In addition to SiNC surface reactions, the radical initiators
formed by AIBN decomposition can also induce radical chain
reactions in solution. Size exclusion chromatography (SEC)
was used to investigate the possibility of solution phase sub-
strate oligomerization (Fig. 3e and f). Samples evaluated
included: (1) a reaction mixture prepared using AIBN and the
substrate (i.e., no SiNCs); (2) a reaction mixture using AIBN,
the substrate and SiNCs; and (3) a purified functionalized
SINC fraction. TMVS forms small amounts of oligomers in
solution, independent of the presence of SiNCs (Fig. 3e). The
as-synthesized SiNCs in a mixture with solution oligomer (2)
show lower molecular weights than the purified SiNCs (3),
where small SiNCs were washed away during purification.
Similar observations, but higher molecular weight fractions of
polymers and oligomers were noted for triethoxyvinylsilane
(TEVS; Fig. 3f).%"

a in-situ IR vis optically
@
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= |
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scgf % agglomerated functionalization and break up of
g i min | B H-SiNCs steric repulsion by agglomerates
ju & surface group by solvatization
® i = of surface groups
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Fig. 2 (a) Comparison of the VIS-transmittance measurements using / = 800 nm (black) and in situ IR evolutions of the Si—-H band at 2100 em™

=

(grey) for 1-hexene (1), TMVS (Il) and TPVS (lll) measured during the functionalization reaction of hydride terminated SiNCs. (b) Schematic illustration

of the agglomerate break-up process leading to clear reaction mixtures.
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Fig.3 (a) Evolution of the SiH band (2100 cm ) intensity during
functionalization of hydride-terminated SINCs with TMVS at 70 °C with
AIBN concentrations of 45.7 umol mL % (1), 20.3 umol mL~ (1), 6.8 pmol
mL™ (1), 1.7 pmol mL™ (IV) and 1.0 pmol mL™* (V) (inset: magnification
of the starting evolutions). (b) Relative concentrations of the decom-
posed initiator 1-It at complete Si-H conversion and corresponding
radical efficiencies f based upon 1-1t (ESI Table S37%). {c) Evolution of the
SiH band {2100 cm™) intensity during functionalization of hydride termi-
nated SINCs with a constant AIBN concentration of 6.8 umol mL ! at
reaction temperatures of 100 °C (1), 85 °C {ll), 70 °C (lll), 60 °C (IV) and
50 °C (V); dashed lines show the respective AIBN decompaosition rate
calculated from the rate constants. {d) 1-It after complete Si—H conver-
sion and corresponding f (ESI Table S107). Size exclusion chromatogram
(THF, relative to polystyrene standards) of the AIBN initiated reaction of
(e) TMVS and (f) TEVS in toluene at 70 °C in the absence of SINCs (1) and
with SiNCs present (2 — workup in vacuum; 3 — workup via precipi-
tation-centrifugation).

Sterics: the key to reaction rates

Stefanac et al. showed that under radical conditions vinyl
oligomerization of diphenylvinylsilane is favored over its inter-
molecular hydrosilylation reaction.>® Thus, in the SiNC surface
reaction one would expect that after initiation, solution oligo-
merization of vinylsilanes dominates over surface grafting,
consistent with the present SEC experiments.

Additionally, the surface hydrosilylation rates should corre-
late with the accessibility of the Si-H groups and the steric
demand of the activating radical.** As a result of the surface
hydrogen atom abstraction being a heterogeneous process
(due to the necessity for the breakup of H-SiNC agglomerates),
the steric demand of the activating radical was expected to
play a crueial role for the reaction rates.’ Hence, we propose
that the available oligomer radicals would induce the for-
mation of silyl radicals from H-SiNCs. To verify this proposal,
a series of substrates with varying steric properties were inves-
tigated using n situ IR.

8492 | Nanosc
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At first, the rates of 1-hexene and 1-dodecene, well-known
substrates for SiNC surface functionalization, were compared
to the TMVS reactivity (Fig. 4a).>* All surface reactions run
faster with 1-hexene (~110 min) and with slower rates for
1-dodecene {~160 min) and TMVS (~200 min). As a result of
steric shielding of the surface from the solution formed oligo-
mer radicals, the rates slow down. Steric surface shielding
arises from conformational flexibilities of surface bonded
dodecyl groups or dodecyl oligomer moieties.

Because of the observed influence of the nature of the
olefin substrate and stability of bulky radicals on the surface
functionalization rate, several vinylsilanes with different steric
demands were investigated. The substrate bulkiness was
increased upon changing the substitution around the central
silicon of the substrate (ESI section 1.2; Table S2,t entry 3).
Fig. 4b-d show conclusively that bulky substituents decrease
the reaction rates compared to TMVS (~200 min). For example,
dimethylphenylvinylsilane (DMPVS) needs 270 min and its
bigger homologue triphenylvinylsilane (TPVS) needs 330 min.
Upon ethoxy substitution, the gap between the single substi-
tuted dimethylethoxyvinylsilane (DMEVS) enhances from
220 min to 380 min for the triethoxyvinylsilane {TEVS). Most
significant changes were observed, when trimethylsiloxy sub-
stituents were employed: pentamethylvinyldisiloxane (PMVDS)
reacted in 280 min while the trisubstituted tris(trimethylsiloxy)
vinylsilane (TTMSVS) needed ~31 h. This trend is further
emphasized by decreasing surface coverages, decreasing the
degrees of substitution (relative number of substituted Si-H
groups by ligand molecules), as well as reduced radical
efficiencies for bulkier substituents within the homologue
series (as shown in Fig. 4e and f and ESI Tables §7 and S87t).
In this regard, TTMSVS, which has a shielded vinyl group,
exhibits the lowest reaction rate, degree of substitution (10%)
and initiator efficiency (0.13) of all samples.

The behavior of bulky vinylic substrates toward the SINC
functionalization is similar to the findings for molecular
silanes, where the silyl radical formation is highly dependent
on the sterics of the incoming radical.™ Furthermore, H-8iNCs
only react with 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) if a
radical initiator is available, but no reactivity was observed
when olefins were added.”” Hence, a capturing of solved
radical species by TEMPO is dominant over surface reactions.
This underlines the hypothesis that homolytic Si-H cleavage
on SiNC surfaces occurs from oligomers or alkyl based radicals
rather than from free butyronitrile radicals. Thus, we suggest
that the Si-H cleavage by oligomer radicals is the rate-deter-
mining step in the radical SiNC functionalization mechanism
under most of the conditions applied.

Does the monomer concentration matter?

A high reactivity of silyl radicals with vinylic compounds is
known for malecular silanes and polymers.'®** We suggest that
once the surface silyl radical has formed addition of the surface
silyl radical to an alkene proceeds rapidly. If the substrate
addition to the surface silyl radicals would determine the reac-
tion rate, an increase of the SiNC functionalization rates should
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(ESI Table 511%) for applied substrates.

be observed in the in situ IR traces at higher monomer concen-
trations. This is not the case: the overall reaction rate does slow
down with increasing monomer concentration (ESI1 Table S2,+
entry 4). The major disparities, however, are observed in the
regime where the agglomerates are large (Fig. 5a), which prob-
ably arise from poorer dispersibility in the neat substrates.
Once the agglomerates are broken up, the decrease of the Si-H
TR-signal (e.g., Fig. 5a, trace TV) with increasing reaction time
shows a similar slope to the traces I-MI. Thus, the monomer
addition to the Si" surface radicals cannot be the rate determin-
ing step, and the progress should be strictly driven by the
radical concentrations and alkene structure.

To further investigate the dependence of the reaction on
the presence of radicals, the SiNC functionalization with
TMVS was interrupted by abrupt cooling of the reaction
mixture from 70 °C to room temperature (r.t., Fig. 5b). At r.t,,
the 8i-H signal intensity and, accordingly, the concentration
of surface Si-H bonds remains constant. The reaction proceeds

o
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Fig. 5 (a) Time resolved in situ IR measurement of the Si—-H band using
6.8 pumol mL™* AIBN in toluene at TMVS concentrations of 1.26 mmol
mL~" (1), 0.63 mmol mL~" (I}, 252 mmol mL™" (Ill) or neat (IV) TMVS. (b)
Time resolved evolution of the Si—-H bond of SiNCs using AIBN and
TMVS in toluene. At 60 min, the temperature was decreased to room
temperature using a water bath and reheated to 70 °C for 120 min.
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when reheated to 70 °C due to the fast generation of new rad-
icals. The same reactivity has also been found when benzene
was used as solvent, which is known as a weak radical transfer
agent (ESI Fig. 81df), indicating that the H-abstraction from
the present substrate molecules is favored over the abstraction
from solvent molecules. Both cases show that the reaction
kinetics strictly depend on the presence of radicals in solution.

Conclusions

In situ IR spectroscopy was used to follow the radical grafting
process of hydride terminated SiNCs with unsaturated sub-
strates. SINC dispersions become clear during the functionali-
zation with such olefins due to a break up of agglomerates,
which has mostly been accepted as the end of the functionali-
zation reaction. Here, we demonstrated that after clearing of
the reaction solution, the surface functionalization of the indi-
vidual SiNCs is far from being complete. The time difference
between clearing of the dispersion and the finalization of the
reaction arises with the bulkiness of the substrates. Furthermore,
we ohserved that the hydrosilylation on SiNC surfaces is strongly
dependent on the radical initiator concentration, the reaction
temperature and the sterics of the alkenes applied; it is not
related to the monomer concentration. Generally, radical efficien-
cies of the SiNC functionalization can exceed unity.

Acknowledgements

IRTG 2022 “ATUMS” (DFG) and NSERC are thanked gratefully
for research funding. J. K. thanks TUM Graduate School for
financial support. T. H. thanks the Studienstiftung des

2017, 9, 8489-8405 | 8493

92



Published on 23 May 2017. Downloaded by Technical University of Munich on 21/08/2017 19:04:22.

4. Silicon Nanocrystal Functionalization and Hybrid Materials

Paper

deutschen Volkes and IGGSE for financial support. Dr Carsten
Troll is thanked for support with the technical equipment. We
thank our groups for helpful discussions.

12
Notes and references

1 Z. Ding, B. M. Quinn, S. K. Haram, L. E. Pell, B. A. Korgel
and A. J. Bard, Electrochemistry and Electrogenerated 13
Chemiluminescence from Silicon Nanocrystal Quantum
Dots, Science, 2002, 296, 1293-1297, DOIL 10.1126/
science.1069336.

2 J. Liu, F. Erogbogbo, K.-T. Yong, L. Ye, ]J. Liu, R. Hu, 14

H. Chen, Y. Hu, Y. Yang, J. Yang, I. Roy, N. A. Karker,

M. T. Swihart and P. N. Prasad, Assessing clinical prospects

of silicon quantum dots: studies in mice and monkeys, ACS

Nano, 2013, 7, 7303-7310, DOIL: 10.1021/nn4029234.

S. Regli, J. A. Kelly, A. M. Shukaliak and J. G. C. Veinot, 1

Photothermal Response of Photoluminescent Silicon

Nanocrystals, . Phys. Chem. Lett., 2012, 3, 1793-1797, DOIL

10.1021/jz3004766.

4 M. Dasog, K. Bader and J. G. C. Veinot, Influence of

Halides on the Optical Properties of Silicon Quantum Dots, 16

Chem. Mater., 2015, 27, 1153-1156, DOIL 10.1021/acs.

chemmater.5b00115.

A. Angi, R. Sinelnikov, A. Meldrum, J. G. C. Veinot,

I. Balberg, D. Azulay, O. Millo and B. Rieger,

Photoluminescence through in-gap states in phenyl- 17

acetylene functionalized silicon nanocrystals, Nanoscale,

2016, 8, 7849-7853.

6 M. Dasog, J. Kehrle, B. Rieger and J. G. C. Veinot, Silicon
Nanocrystals and Silicon-Polymer Hybrids: Synthesis,
Surface Engineering, and Applications, Angew. Chem., Int.

Ed., 2016, 55, 2322-2339, DOI: 10.1002/anie.201506065. 18

7 R. Ban, F. Zheng and J. Zhang, A highly sensitive fluo-

rescence assay for 2,4,6-trinitrotoluene using amine-capped

silicon quantum dots as a probe, Anal Methods, 2015, 7,

1732-1737, DOI: 10.1039/C4AY02729A.

C. M. Gonzalez, M. Igbal, M. Dasog, D. G. Piercey, 19

R. Lockwood, T. M. Klapotke and J. G. C. Veinot, Detection

of high-energy compounds using photoluminescent silicon

nanocrystal paper based sensors, Nanoscale, 2014, 6, 2608—

2612, DOL 10.1039/C3NR06271F.

9 X. Cheng, S. B. Lowe, 8. Ciampi, A. Magenau, K. Gaus, 2
P. J. Reece and J. J. Gooding, Versatile “click chemistry”

w
w

3]

=]

[=]

approach to functionalizing silicon quantum dots: appli-
cations toward fluorescent cellular imaging, Langmuir, 2
2014, 30, 5209-5216, DOI: 10.1021/1a500945f.

10 Y. Zhai, M. Dasog, R. B. Snitynsky, T. K. Purkait,
M. Aghajamali, A. H. Hahn, C. B. Sturdy, T. L. Lowary and
J. G. C. Veinot, Water-soluble photoluminescent 22

g

d-mannose and 1 -alanine functionalized silicon nanocrys-
tals and their application to cancer cell imaging, /. Mater.
Chem. B, 2014, 2, 8427-8433, DOI: 10.1039/C4TB01161A.

11 F. Eroghogho, K.-T. Yong, I Roy, R. Hu, W.-C. Law,
W. Zhao, H. Ding, F. Wu, R. Kumar, M. T. Swihart and

B494 | Nanoscale, 2017, 9, 848%-8495

93

View Article Online

Nanoscale

P. N. Prasad, In Vivo Targeted Cancer Imaging, Sentinel
Lymph Node Mapping and Multi-Channel Imaging with
Biocompatible Silicon Nanocrystals, ACS Nano, 2010, 5,
413-423, DOI: 10.1021/nn1018945.

B. Ghosh, Y. Masuda, Y. Wakayama, Y. Imanaka, J. Inoue,
K. Hashi, K. Deguchi, H. Yamada, Y. Sakka and S. Ohki,
Hybrid white light emitting diode based on silicon nano-
crystals, Adv. Funct. Mater., 2014, 24, 7151-7160.

F. Maier-Flaig, J. Rinck, M. Stephan, T. Bocksrocker,
M. Bruns, C. Kiibel, A. K. Powell, G. A. Ozin and U. Lemmer,
Multicolor silicon light-emitting diodes (SILEDs), Nano Lett.,
2013, 13, 475-480, DOIL: 10.1021/n13038689.

T. Lin, X. Liu, B. Zhou, Z. Zhan, A. N. Cartwright and
M. T. Swihart, A Solution-Processed UV-Sensitive
Photodiode Produced Using a New Silicon Nanoerystal Ink,
Adv. Funct. Mater., 2014, 24, 6016-6022, DOIL: 10.1002/
adfm.201400600.

A. Shiohara, S. Hanada, S. Prabakar, K. Fujioka, T. H. Lim,
K. Yamamoto, P. T. Northcote and R. D. Tilley, Chemical
reactions on surface molecules attached to silicon
quantum dots, f. Am. Chem. Soc., 2010, 132, 248-253, DOIL:
10.1021/ja906501v.

M. G. Panthani, C. M. Hessel, D. Reid, G. Casillas, M. José-
Yacaman and B. A. Korgel, Graphene-Supported High-
Resolution TEM and STEM Imaging of Silicon Nanocrystals
and their Capping Ligands, J. Phys. Chem. C, 2012, 116,
22463-22468, DOI: 10.1021/jp308545q.

M. Guan, W. Wang, E. J. Henderson, O. Dag, C. Kiibel,
V. S. K. Chakravadhanula, J. Rinck, I. L. Moudrakovski,
J. Thomson, J. McDowell, A. K. Powell, H. Zhang and
G. A. Ozin, Assembling photoluminescent silicon nano-
etystals into periodic mesoporous organosilica, j. Am.
Chem. Soc., 2012, 134, 8439-8446, DOL: 10.1021/j2209532€.
C. M. Hessel, E. ]J. Henderson and J. G. C. Veinot,
Hydrogen Silsesquioxane: A Molecular Precursor for
Nanocrystalline Si-Si0 2 Composites and Freestanding
Hydride-Surface-Terminated Silicon Nanoparticles, Chem.
Mater., 2006, 18, 6139-6146, DOI: 10.1021/cm06062803.

Z. Yang, M. Igbal, A. R. Dobbie and J. G. C. Veinot, Surface-
Induced Alkene  Oligomerization: Does Thermal
Hydrosilylation Really Lead to Monolayer Protected Silicon
Nanocrystals?, J. Am. Chem. Soc., 2013, 135, 17595-17601,
DOI: 10.1021/ja409657y.

J. A. Kelly and J. G. C. Veinot, An Investigation into Near-
UV Hydrosilylation of Freestanding Silicon Nanocrystals,
ACS Nano, 2010, 4, 4645-4656, DOL: 10.1021/nn101022b.

J. A. Kelly, A. M. Shukaliak, M. D. Fleischauer and
J. G. C. Veinot, Size-Dependent Reactivity in
Hydrosilylation of Silicon Nanocrystals, J. Am. Chem. Soc.,
2011, 133, 9564-9571, DOL 10.1021/ja2025189.

Z. Yang, C. M. Gonzalez, T. K. Purkait, M. Igbal,
A. Meldrum and J. G. C. Veinot, Radical Initiated
Hydrosilylation on Silicon Nanocrystal Surfaces: An
Evaluation of Funetional Group Tolerance and Mechanistic
Study, Langmicir, 2015, 31, 1054010548, DOI: 16.1021/acs.
langmuir.5b02307.

This journal is © The Royal Society of Chemistry 2017



Published on 23 May 2017. Downloaded by Technical University of Munich on 21/08/2017 19:04:22.

4. Silicon Nanocrystal Functionalization and Hybrid Materials

Nanoscale

23

24

25

26

27

28

29

30

31

I. M. D. Hohlein, J. Kehrle, T. Helbich, Z. Yang,
J. G. C. Veinot and B. Rieger, Diazonium Salts as Grafting
Agents and Efficient Radical-Hydrosilylation Initiators for
Freestanding Photoluminescent Silicon Nanocrystals,
Chem. - FEur. J., 2014, 20, 4212-4216, DOL 10.1002/
chem.201400114.

X. Cheng, S. B. Lowe, P. J. Reece and ]. J. Gooding,
Colloidal silicon quantum dots: from preparation to the
modification of self-assembled monolayers (SAMs) for bio-
applications, Chem. Soc. Rev., 2014, 43, 2680, DOI: 10.1039/
¢3c560353a.

Y. Wang, H. Wang, J. Guo, J. Wu, L. ]J. Gao, Y. H. Sun,
J. Zhao and G. F. Zou, Water-Soluble Silicon Quantum Dots
with Quasi-Blue Emission, Nanoscale Res. Lett., 2015, 10,
1012, DOI: 10.1186/511671-015-1012-2.

J. Kehrle, I. M. D. Hoéhlein, Z. Yang, A-R. Jochem,
T. Helbich, T. Kraus, J. G. C. Veinot and B. Rieger,
Thermoresponsive  and  photoluminescent  hybrid
silicon nanoparticles by surface-initiated group transfer
polymerization of diethyl vinylphosphonate, Angew. Chem.,
Int. Ed., 2014, 53, 12494-12497, DOL 10.1002/
anie.201405946.

M. P. Stewart and J. M. Buriak, Exciton-mediated hydrosilyl-
ation on photoluminescent nanocrystalline silicon., J. Am.
Chem. Soc., 2001, 123, 7821-7830.

J. M. Buriak, Organometallic Chemistry on Silicon and
Germanium Surfaces, Chem. Rev., 2002, 102, 1271-1308,
DOI: 10.1021/¢r000064s.

B. J. Eves, Q.-Y. Sun, G. P. Lopinski and H. Zuilhof,
Photochemical Attachment of Organic Monolayers onto
H-Terminated Si(111): Radical Chain Propagation Observed
via STM Studies, J. Am. Chem. Soc., 2004, 126, 14318-14319,
DOI: 10.1021/ja045777x.

M. R. Linford and C. E. D. Chidsey, Alkyl monolayers co-
valently bonded to silicon surfaces, J. Am. Chem. Soc., 1993,
115, 12631-12632.

M. R. Linford, P. Fenter, P. M. Eisenberger and
C. E. D. Chidsey, Alkyl monolayers on silicon prepared

Thig journal is © The Royal Society of Chernistry 2017

32

33

34

35

36

37

38

39

40

41

42

94

View Article Online

Paper

from 1-alkenes and hydrogen-terminated silicon, J. Am.
Chen. Soc., 1995, 117, 3145-3155.

J. Holm and J. T. Roberts, Thermally Induced
Hydrosilylation  at  Deuterium-Terminated  Silicon
Nanoparticles: An Investigation of the Radical Chain
Propagation Mechanism, Langmuir, 2009, 25, 7050-7056,
DOI: 10.1021/1a8042236.

L. F. Cason and H. G. Brooks, An Interesting Side-Reaction
in the Preparation of Triphenylvinylsilane 1a, J. Am. Chem.
Soc., 1952, 74, 4582-4583, DOL: 10.1021/a01138a039.

R. Nagel and H. W. Post, Studies in Silico-Organic
Compounds. XXI. Alkyl and Phenyl Derivatives of vinyltri-
chlorosilane, J. Org. Chem., 1952, 17, 1379-1381, DOL
10.1021/j050010a016.

D. Seyferth and D. L. Alleston, The Cleavage of
Hexamethyldisiloxane and Hexamethyldigermoxane by
Methyllithium: A Convenient Preparation of Lithium
Trimethylsilanolate and Lithium Trimethylgermanolate,
Inorg. Chem., 1963, 2, 418-420, DOL 10.1021/ic50006a048.
T. Iimura, S. Onodera, T. Okawa and M. Yoshitake,
W0O2003064436 A1, 2003.

1. M. D. Hohlein, J. Kehrle, T. K. Purkait, J. G. C. Veinot
and B. Rieger, Photoluminescent silicon nanocrystals with
chlorosilane surfaces - synthesis and reactivity, Nanoscale,
2015, 7, 914-918, DOI: 10.1039/C4NR05888G.

T. M. Stefanac, M. A. Brook and R. Stan, Radical Reactivity
of Hydrovinylsilanes: Homooligomers, Macromolecules,
1996, 29, 4549-4555, DOI: 10.1021/ma951495t.

J. Brandrup, E. H. Immergut and E. A. Grulke, Polymer
handbook, Wiley, New York, Chichester, 4th edn, 2004.

S. Koltzenburg, M. Maskos and O. Nuyken, Polymere:
Synthese, Eigenschaften und Anwendungen, Springer
Spektrum, Berlin, 1st edn, 2014.

G. Odian, Principles of Polymerization, John Wiley and Sons,
New Jersey, 4th edn, 2004.

C. Chatgilialoglu, Structural and Chemical Properties of
Silyl Radicals, Chem. Rev., 1995, 95, 1229-1251, DOL
10.1021/er00037a005.

Nanoscale, 2017, 9, 8489-8495 | 8495



4. Silicon Nanocrystal Functionalization and Hybrid Materials

4.2.4. Reprint Permissions

Julian

Von: CONTRACTS-COPYRIGHT (shared) <Contracts-Copyright@rsc.org>
Gesendet: Dienstag, 20. Juni 2017 15:47

An: Julian'

Betreff: RE: Copyright Permissions

Dear Julian,

Thank you for your email.

The Royal Society of Chemistry (RSC) hereby grants permission for the use of your paper(s) specified below in the
printed and microfilm version of your thesis. You may also make available the PDF version of your paper(s) that the
RSC sent to the corresponding author(s) of your paper(s) upon publication of the paper(s) in the following ways: in
your thesis via any website that your university may have for the deposition of theses, via your university’s Intranet or
via your own personal website. Ve are however unable to grant you permission to include the PDF version of the
paper(s) on its own in your institutional repository. The Royal Society of Chemistry is a signatory to the STM
Guidelines on Permissions (available on request).

Please note that if the material specified below or any part of it appears with credit or acknowledgement to a third
party then you must also secure permission from that third party before reproducing that material.

Please ensure that the thesis states the following:

Reproduced by permission of The Royal Society of Chemistry

and include a link to the paper on the Royal Society of Chemistry’s website.

Please ensure that your co-authors are aware that you are including the paper in your thesis.

Regards,
Antonella

From: Julian [mailto:julian.kehrle@makro.ch.tum.de]

Sent: 19 June 2017 19:05

To: CONTRACTS-COPYRIGHT (shared) <Contracts-Copyright@rsc.org>
Subject: Copyright Permissions

Dear Ladies and Gentlemen,

We recently published a paper in RSC Nanoscale: J. Kehrle, S. Kaiser, T. K. Purkait, M. Winnacker, T. Helbich, S. I.
Vagin, J. G. C. Veinot, B. Rieger, Nanoscale 2017 (DOI: 10.1039/C7NR02265D)

Unfortunately | cannot request the copyright permission for a complete print of the manuscript for my cumulative
PhD thesis (see below). Thus | would kindly ask you for formal copyright permissions in this particular case.

Thank you in advance!

Sincerely,

Julian Kehrle

95



4. Silicon Nanocrystal Functionalization and Hybrid Materials

4.3. Superhydrophobic Silicon Nanocrystal — Silica Aerogel Hybrid Materials:
Synthesis, Properties, and Sensing Application

4.3.1. Summary

Silica aerogels are attractive materials with good forecasts due to their unique properties and
straightforward sol-gel preparation procedures. The combination of SiNCs with silica aerogels
has good prospects in the biomedical field. It also has good scopes in coating materials and
unprecedented sensing platforms. Thus, the aim of the investigation is to prepare SiNC/silica
aerogel hybrid materials with 3, 5 and 8 nm SiNCs.

Triethoxyvinylsilane (TEVS) was chosen to be the linker between SiNCs and the gels. It was
hydrosilylated on the SiNCs’ surfaces by radical grafting via azobisisobutyronitril (AIBN). The
purified TEVS-SiNCs were then intercalated into the aerogels by two approaches. TEVS-SiNCs
were on one hand added to the acid catalyzed gelation procedure with the tetraethyl orthosilicate
(TEOS) precursor. As ethanol and water were used as solvents, the TEVS-SiNCs were available
as agglomerates. On the other hand, SiNCs were easily dispersed in toluene and subsequently
added to the aged alcogel after it was subjected to the solvent exchange from ethanol/water to
toluene. By this approach, SiNCs were ‘washed into’ the pores of the gels. After the solvent
exchange procedure, remaining silanol groups were reacted with trimethylsilylchloride to
achieve the water-repellent properties. X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), and high-resolution transmission electron measurements (TEM)
were used to prove the presence of SiNCs in the final aerogels. The SiNC crystallites with their
characteristic lattice fringes could be detected. Nitrogen adsorption measurements and small
angle X-ray scattering (SAXS) disclosed that the structure of the aerogels differed depending on
the intercalation procedure of SiNCs. If the SiNCs were added to the network during the gelation
process, a fractal network structure with many small pores and high surface areas (>1160 m>g™!)
would form. In contrast, the “washed-in”” SINCs were in the pores because they reduced the pore
radii and the pore volumes of the aerogels to below 1000 m2g™!. Although the aerogel networks
were exposed to significant changes by the addition of SiNCs, the macroscopic properties
remained similar. The different SiNC/silica aerogel composite materials exhibited
superhydrophobic properties and emitted size dependent PL at ~700 nm, ~750-800 nm and
~900 nm for intercalated 3, 5 and 8 nm SiNCs, respectively. With these properties, the composite
containing 3 nm “washed in” SiNCs were used to extract 3-nitrotoluene (3-NT) from water.
Concentration dependent quenching of the SINC PL was attributed to an accumulation effect of
the toxic substance in the aerogel structure.
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ABSTRACT: Silicon nanocrystals (SiNCs) are abundant and
exhibit exquisitely tailorable optoelectronic properties. The )
incorporation of SiNCs into highly porous and lightweight jf "
substrates such as aerogels leads to hybrid materials possessing ‘W
the attractive features of both materials. This study describes
the covalent deposition of SiNCs on and intercalation into
silica aerogels, explores the properties, and demonstrates a
prototype sensing application of the composite material. SiNCs
of different sizes were functionalized with triethoxyvinylsilane
(TEVS) via a radical grafting approach and subsequently used
for the synthesis of photoluminescent silica hybrids. The
resulting SiNC-containing acrogels possess high porosities,
SiNC-based size-dependent photoluminescence, transparency,
and a superhydrophobic macroscopic surface. The materials
were used to examine the photoluminescence response toward low concentrations of 3-nitrotoluene (270 M), demonstrating
their potential as a sensing platform for high-energy materials.

hv
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Loy,

3,5,8nm

e

visible emission no emission

H INTRODUCTION in acidic or basic conditions—to obtain a]cogc]s.21 Solvent

Quantum dots (or semiconductor nanocrystals) of group 11—V exchange and appropriate drying procedures are applied to

and M-V elements (e.g, CdS, CdSe, and Zn§) exhibit bright mmgn;? £ capi]lar‘y fbreen andypreyent (e gelikom co]!ap B
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ment.'~* Although they provide impressive optoelectronic the aerogel are disorde‘red and appear in'different size regimes.
propertics, these direct band gap semiconductors consist of Although onc-s’:ep-ac!d-catal}‘*zcd gelation leads to poorly
tonic and rare elements.®* By contrast, silicon is purported to bl‘althCd gcls' W-Nlth a linear micro- an.dvmcso—poro.us structure,
be nontoxic, as well as the second most abundant element in alkaline conditions or a two-step acidic hydrolysis/condensa-
the ecarth’s crust; furthermore, silicon-based nanomaterials
possess a tailorable optical response.”” The formation of
SiNC-based hybrids and composite materials presumably
constitutes one of the most important aims in this rather
young field of science and engineering, as it holds promise of
preserving the properties of silicon nanocrystals (SiNCs) while
inducing new features for potential applications; for example,
we recently showed quenching of dodecyl-SINC PL by low

tion generates gels with enhanced cross-linking, a low
microporosity, a broad distribution of larger pores, and a
network of silica nanoparticles. ™ > Silica aerogels provide
surface areas of ~1000 mz/g or higher and, in many cases,
appear optically transparent because of their low Rayleigh
scattering and low refractive index. ™ Furthermore, super-
hydrophobic acrogels can be obtained from surface function-
alization with trimethylsilylchloride (TMSCL).***" The pore

concentrations of hiﬁh-energy organic compounds commonly structures ‘“;S surface properties define the range of aerogel
used in explosives.87 6 applications.” Because of their open pore network, they are
Silica aerogels are a widely investigated class of materials,
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ties.'” ™" Silica aerogel formation requires a sol—gel process— Revised:  February 15, 2018
the hydrolysis and condensation of a tetraalkoxysilane precursor Published: March 31, 2018
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useful for filtration,” as adsorbing media, ° for waste

containment,™ as catalyst supports,”’ as thermal insula-
tors,” '™ and so forth.**

Of late, we have reported about silica acrogels containing
SiNCs bearing various hydrophilic surface functionalities.”® The
resulting  hybrids containing physically intercalated SiNCs
brought new insights into the interaction of the SINC surface
polarity with silica aerogel structures.’®"” Hybrids of this type
hold promise in applications such as sensing'” and could be
used as energy-transfer materials,”® evoked from the photo-
thermic response of the $INCs.” To address the requirements
of the composite materials (e.g., lightweight, porosity, PL,
hydrophobicity, etc.) a fundamental understanding of their
formation process and properties is crucial, Herein, we present
an essential study of the covalent intercalation of SiNCs of
different sizes in superhydrophobic aerogels. We describe their
properties and demonstrate how these hybrid materials could
be used to detect low (ie, 270 yM) concentrations of model
high-energy materials in aqueous solutions.

B RESULTS AND DISCUSSION

Triethoxyvinylsilane-SiNCs as Precursors. Hydride-
terminated SiNCs were prepared following a well-established
procedure.m Briefly, reductive thermolysis of hydrogen
silsesquioxane (FSQ) was achieved upon heating to 1100 °C
in Ny/H, (95%/5% v/v) for 1 h and a composite oxide
containing SINCs (d &~ 3 nm) was obtained. Subsequent
heating at 1200 or 1300 °C in a flowing argon atmosphere
induced SiNC growth to approximate diameters of 5 and 8 nm,
respectively.’” Alcoholic hydrofluoric acid etching was
employed to liberate hydride-terminated SiNCs that were
extracted into toluene.

In contrast to our previous studies,x5 in which hydrophilic
SiNCs were physically mixed with silicon alkoxide precursors to
produce hybrid aerogels, the intent of this investigation was to
include SINCs as covalently bonded structural components of
the acrogel or to tether them to the surface. The chemical
attachment of SiNCs is required to improve cross-linking of the
hybrid material and to prevent the SiNCs from being washed-
out by solvents or water. In this context, it was necessary to
identify and install a surface group exhibiting appropriate
reactivity. Vinylsilanes (e.g, triethoxyvinylsilane; TEVS) are
attractive for this purpose; they bear hydrolyzable moieties
capable of reacting with Si—OH groups, which is crucial to sol—
gel chemistry or silica surface chemistry, and they have
previously been tethered to SiNC surfaces.”” The reaction of
choice for derivatizing hydride-terminated SiNCs in the present
study was radical-initiated surface functionalization, as it affords
a well-defined surface coverage (Scheme la): 8

Functionalized SiNCs were putified upon multiple solvent
(toluene)/antisolvent {methanol) dispersion/precipitation
steps. The resulting particles could be readily redispersed in
toluene to provide a transparent “solution” that was stable
indefinitely under inert atmosphere or a cloudy dispersion in
ethanol that was stable for several hours. Both dispersions were
used to intercalate the SiNCs into the gels (vide infra; Scheme
1b).

TEVS-functionalized SiNCs (TEVS-SiNCs) were evaluated
using a wvaricty of methods. The attenuated total reflectance
infrared spectrum {ATR—IR) of hydride-terminated SINCs was
dominated by a distinctive Si—H feature at 2089 em™ (Figure
la) that decreased significantly in intensity when SiNCs were
modified with TEVS (Figure 1b). Other features in the IR

Scheme 1. (a) Functionalization of SiNCs with TEVS (Et:
Ethyl), (b) Approaches Used for the Intercalation of SiNCs
into the Alco- and Aerogels [(I) Intercalation of SiNCs in
the Network by Addition Prior to Gelation; (11) Wash-In
Approach into the Pores after Gelation]
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Figure 1. Representative ATR—IR spectra of (1) 3 nm hydride
terminated SiNCs, (b) TEVS-SiNCs, and (c) TEVS.

spectrum of the TEVS-modified SiNCs included symmetric C—
H stretching vibrations (2973—2889 cm™'), asymmetric CH,
and CH; bending deriving from the ethylene bridge and the
ethyl groups (1446 and 1391 cm™"), and symmetric (1164,
1109, and 1078 cm™') and asymmetric (767 em™) $i-0—C
stretching; all spectral features were consistent with successful
grafting of TEVS onto S$iINC surfaces. The '"H NMR spectrum
of TEVS-SiNCs (Figure §1) provided qualitative information
regarding organic surface moieties and was consistent with the
conclusion that the SiNC surfaces were detivatized. Broad
features attributed to ethoxy protons (4.17 and 1.54 ppm) as
well as the ethylene bridge (0.41 ppm) between the SiNC and
the ethoxy silane were identified. Similar spectral signatures
were noted in the ATR—IR and 'H NMR spectra of 5 and 8
nm SiNCs (Figures S1 and 52).

X-ray photoelectron spectroscopy (XPS) measurements of 3,
S, and 8 nm TEVS-SiNCs were performed and provided
insights into the chemical nature (i, composition and
oxidation state) of the nanomaterials. The survey spectrum
showed that the SiNCs contained only Si, C, and O at the
sensitivity of the XPS method (Figures $3—53). The Si 2p
spectral region of the high-resolution spectrum was dominated
by two features—a Si(0) emission at 99.3 eV arising from the
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core and a feature assigned to Si(TIT) at 102.7 eV, which was
attributed to surface-tethered triethoxysilyl groups. Smaller
suboxide components were also noted.

To evaluate the particle dimensions, a variety of comple-
mentary methods were employed. Dynamic light scattering
(DLS) measurements performed for toluene suspensions
revealed hydrodynamic diameters of 5.6 &+ 2.0, 7.8 + 1.2, and
16.6 + 3.4 nm (Figure $6). The hydrodynamic diameters
suggest a small degree of aggregation of the SiNCs to dimers
and oligomers in the solvent. Furthermore, solvated particle
dimensions obtained by DLS include a solvation sphere and
often overestimate nanoparticle core dimensions determined
with other methods. Small-angle X-ray scattering (SAXS) of
aggregated TEVS-SiNCs provides mean diameters of 2.9 + 2.5,
5.2 + 50, and 8.8 = 3.3 nm for 3, 5, and 8 nm SiNCs,
respectively (Supporting Information section 2.2.2). Trans-
mission electron microscopy (TEM) indicated crystalline Si
core sizes of 3.2 + (0.6, 42 + 0.6, and 7.1 + 1.4 nm with (.32
nm lattice fringes (Figure 2a—c; Figure 57). Consistent with the

b)

3nm 5nm 8nm

intensity (a.u.) &

600 700 800 800 1000
wavelength (nm)

Figure 2. (a—c) TEM with high resolution (HR)-TEM images (inset)
and (d) PL emission (in toluene) of 3, 5, and & nm TEVS-SiNCs (365

nm excitation).

observed particle sizes, present nanocrystals exhibited a size-
dependent PL (ie, d & 3, 5, and 8 nm TEVS-SiNCs show
maxima at 733, 842, and 986 nm, respectively; Figure 2d)."*
Preparation of SiNC-Silica Aerogel Hybrid Materials.
To obtain functional aerogels, we intercalated SiNCs into
alcogels using two approaches: either SiNCs were added by
mixing with the ethanol prior to gelation (I, Scheme 1b) or
gelation, aging, and solvent exchange to toluene were
conducted in the absence of SiNCs, which were then washed
in the lyogel (I, Scheme 1b). In all approaches, gelation and
aging of lyogels were performed at 60 °C using 31/31/38 (v/v/
v) tetraethyl orthosilicate/ethanol /HCI aq (at pH = 3). TEVS-
SiNCs were well-suitable for hydrolysis and condensation
reactions and were cross-linked by acid-catalyzed protocols
(Supporting Information part 2.2). Ripening under acidic
conditions in ethanol/water is a slow process involving several
equilibrium reactions.”” Thus, increased temperatures (60 °C)
and long reaction times (40 h) were required to obtain the
alcogels. After ripening, solvent exchange with toluene was
performed and TMSCI was used as the reactant leading to a

hydrophobic surface of the lyogel. The hydrophobic properties
are required to allow the diffusion of organic molecules into the
material pores and shield them from water. Aerogels were
finally obtained by supercritical drying, using CO, as the
solvent. Not surprisingly, the ATR—IR spectrum of the isolated
acrogels is dominated by Si—O stretching vibrations at 1065
em™’ and C—H stretching modes at 2962 cm™’, which we
confidently attribute to the Si—CH, groups (Figure S18a).
Thermogravimetric analysis (TGA) measurements of all
acrogel samples suggested a low influence of SiNCs on the
thermal stabilities of the aerogel system (Figure $16).

Aerogels were prepared using 3, §, and 8 nm SiNCs and in
the absence of SINCs. As expected, no $i(0) was detected in
the Si 2p high-resolution XPS spectrum of the SiNC-free
acrogel [Figure 3a(i)]; however, a clear $i(0) feature at 99.3 eV
was noted for all other samples with intercalated SiNCs [Figure
3a(ii,iii) ). In all samples, Si(1T) and Si(IIT) features arising from
silicon suboxides and the surface TMS groups were observed at
102.7 and 101.8 eV; Si(IV) at 103.6 €V could be assigned to the
acrogel network.

To analyze the surface structures, HIM and SEM were
performed (Figure 3bc). HIM showed smooth featureless
surfaces for the SiNC-free sample [Figure 3b(i)] and the
aerogel containing incorporated 8 nm $iNCs [I; Figure 3b(ii)];
the surface of acrogels in which SiNCs were “washed-in" (II)
appeared rough and porous [Figure 3b(iii)]. In SEM images,
the SiNC-free aerogel exhibits an open pore network [Figure
3c(i); Figures S19, 822, and $24]. If TEVS-SiNCs were added
before gelation (I), the aerogel was similar to the SiNC-free
system (Figure 3c(ii); Figures $20, $23, and $25).

Time-resolved DLS measurements during the gelation
process including TEVS-SiNCs demonstrate that the progress
of gelation was accelerated by the presence of SiNCs, which act
as “seeds” (Figure $15; Supporting Information part 2.3.1).
Although SEM analysis of samples prepared when SiNCs were
added before gelation (I) did not result in major influences on
the aerogel structures, washed-in SiNCs (II) had an influence
on the pore radii of the aerogel composites [vide infra; Figure
3c(iii); Figure $21]. The SEM images suggested free SiNCs
attached to acrogel surfaces (I1).

Dark-field (DF)-TEM and HR-TEM were performed to
confirm the presence of SiNCs in the aerogels (Figure 4). We
found crystallme areas in the DF-TEM of the aerogels
containing 8 nm SiNCs (Figure 4a); HR-TEM confirmed
[attice fringes of 0.32 nm consistent with the literature value for
Si(11 1),4S With the decreasing SiNC size, DF- as well as HR-
TEM of 5 nm SiNCs on silica aerogel still showed
nanocrystallites, although with lower contrasts. A region of 3
nm SiNCs (II) was observed by applying annular dark-field
scanning transmission electron microscopy (ADF-STEM) to a
xerogel sample obtained by drying under ambient conditions
[Figure 4a(iii)]. The HR-TEM of the observed region again
demonstrates crystallites with lattice fringes of 0.32 nm,“ thus
evidencing that SINCs were located on the air-dried gel [Figure
4b(iii)]. Once the SiNCs were added prior to gelation (I),
SiNCs were inaccessible to TEM analysis, as they were
probably covered by the silica matrix.

Structure and Properties of the Hybrid Materials. To
analyze the pore structure of the acrogels, nitrogen adsorption
measurements were performed (Figure 5; Figures $27, and
$28). All adsorption curves show type-IV isotherms with
hysteresis loops assigned to H1 and H2 types.** H1 behavior
suggests cylinder-like pore channels. However, these are
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Figure 3. {a) HR-XPS spectra of the Si 2p orbital (fitting results are shown for the silicon spectrum with Si 2p;, signal; Si 2p, , signals have been
omitted for clarity) (b) helium-ion micrescopy (HIM) and () scanning electron microscopy {SEM) images of aerogel surfaces without SINCs (i),
with § nm SiNCs added before gelation (i) and with 8 nm SiNCs washed in the lyogel previous to hydrophobizing and supercritical drying (iii).

Figure 4. (a}) DF-TEM and (b) HR-TEM images {inset: magnification of the silicon lattice fringes) of acrogels containing 8 nm (i} and § nm SiNCs
(ii). (i,ii) were dried using supercritical CO,. To obtain the 3 nm $iNCs in structure (iii), a alcogel was air-dried and imaged by ADF-STEM instead.

Structures are obtained by the wash-in approach (11).

partially blocked or form cavities, which can be observed from
the delay in the desorption toward lower relative pressure
(H2). Whenever aerogels were prepared by adding SiNCs
before the gelation step (I), the isotherms were similar to the
SiNC-free aerogel but the pore blocking seems to be more
dominant {Figure 5b). If SiNCs were added by applying the
wash-in approach (II), the hysteresis loops generally narrowed
suggesting a change toward greater uniformity, structural
changes, or the reduction of pore blocking {Figure Sc). This
is consistent with particles residing in the aerogel pores.

Using the Barrett—Joyner—Halenda model of the desorption
branch, pore volumes and surface arcas of the present aerogel
samples were determined (Table 1). The reference SINC-free
aerogel exhibited a pore-size distribution from 0 to 25 nm with
a mean pore radius of 4.3 nm, a total pore volume of 3.5 em®/g,
and a total surface area of 1110 m?*/ g, which is comparable to
literature known acrogels.”’ Acrogels containing 5 and & nm
SiNCs added before gelation (I) exhibited smaller mesopores
than the reference (Table 1, Figures 5d and $29a). The pore
volume of the silica aerogel with 3 nm SiNCs added during
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Figure 5. Nitrogen adsorption and desorption isotherms of (a) SiINC-free aerogel, (b} aerogel containing 3 nm SiNCs added prior to gelation (I)
and (c) the aerogel containing 3 nm SiNCs washed in after gelatiun (II). The cumulative pore volumes and the pore-volume distributions (insets)
are given for aerogels containing 3, 5, and 8 nm SiNCs in the network structure (d, I) and in the pores (e, II).

Table 1. Summary of Nitrogen Adsorption Analysis [Mean Pore Radii (R"), Total Pore Volume (V*), and Specific Surface Areas
(AP)] and SAXS Analysis {Correlation and Contour Lengths) of Reference Aerogel Compared to Acrogels Containing SiNCs
Added to Gelation {I) and Washed-In (I1)

SiNC-free reference 3nm (I) 5 nm (I) 8 nm (1) 3 nm (I1) 5 nm (I1) & nm (II)

B (am)} 43 36 3.6/2.1 36/2.1 62 11.0/42 110

V¥ (em'/g) 36 29 34 34 2.1 34 35

AT (m/g} 1110 1215 1218 1157 998 876 847

correlation length (nm) 976 + 005 8.56 + 005 947 + 0.12 9.63 + 012 877 + 0.06 1160 + 0.10 10.14 + 0.06

contour length (nm) 531 + 003 339 + 003 5.03 + 006 448 + 003 5.06 + 0.03 345 + 003 375 + 0004
gelation (I) was mainly limited to small mesopores with a dominant as in the aerogels containing SiNCs added to
narrow size distribution of pores with ~20 nm radii. The gelation, which reside in the network.
behavior is similar, if the adsorption branch of the hysteresis is To gain better insights into the nanostructure of the
regarded (Figure $29a), albeit for the adsorption branch synthesized aerogels, SAXS analysis was performed (Supporting
mesopores with 15 nm of radius are more dominant. Generally, Information part 2.3.7). The SAXS curves fP“ld be best-fitted
the acrogel surface area increased when smaller SiNCs were with a model describing flexible cylinders.™ This way, fractal
used (Table 1; 1). Thus, the inclusion of SiNCs into the aerogel dimensions of about 2.5 were obtained for all acrogels (Table

(1Y 46 . . o
network during the gelation process (1) led to an increasing $3).° The correlation length, ie, the mean distance of the

number of smaller pores which contributed to a high surface fractal structure fragments forming the microstructures was
area, presumably arising from strong cross-linking by SINCs between 8.6.and 9.6 nm for ac.mgc]s cgntnmlng SiNCs in the
(Figare S29¢). Furthetmore, the reduced pore sutface of the network, which were a.dded be.fore gelation (I, Table I; F|g.m‘c
adsorption branch indicates smaller pores, with delayed SS(.J)‘ Tlle.fracta] units consisted of a netonk of ﬂexlble
nitrogen adsorption (Figure $29¢; vide infra) cylinders with an average contour length of 3.4—35.0 nm, which
dive; : ot . ; e of INC -

Larger deviations from the SiNC-free sample are observed LOT esplondshloug:ly 'io dthe 51:‘; Ot. one fSINi' Furtl[lelmore,
for acrogels containing washed-in TEVS-SiNCs (II; Figure Se). Ku‘m ;ng § Em ?.r i er-radu g}ver; Ogu“ sam£ es wcire
Samples containing 3 nm SiNCs displayed smaller pore :(\;mgne 5;01 aKPiW ]o 1go}1:1 erlz;zumts ;)r d ae;og OS :-mp e)s
- = . igure § uhn lengths ~ 0.2 nm, cylinder radii = 0.4 nm).

"'“l““:;’s (Zbl Cl“lfg_)l: lljll'gﬂ')m“:l‘ pore radii 15'5-2 1111{1;) (11:155“1"35 The reduCt’ion in correlation and’ contour lengths of the
Se and 829b inset; Table 1), and no pores above R” = 15 nm. aerogels with 3 nm SiNCs added before gelation (Table I, L
Aerogels containing 5 and 8 nm SiNCs exhibited a main pore & & ( ’ )

A v . correlates with the decrease in pore volume as observed with
distribution between 6.3 and 15.1 nm (R") that we attribute to nitrogen adsorption measurements (Figurc 5). The same cffect

the shrinkage of bigger pores and blocking of small pores by the could also be seen for 5 and 8 nm SiNCs.

SiNCs; this also led to a decrease in the pore volume (Table 1, Washed-in 3 nm SiINCs after gelation (II) reduced the

Figure $29b). The analysis of the adsorption branches again correlation and the contour lengths of the respective aerogel

yields lower surface areas in comparison to the desorption (Table 1). However, for aerogel containing washed-in 5 and 8

branches. This indicates a significant number of small pores nm SiNCs after gelation (II), higher correlation lengths and

albeit for the aerogels with washed-in SiNCs they are not as significantly reduced contour lengths were analyzed. Because of
E DO 10.1021/acs. langmuir.7b03746
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smaller sizes, S nm SiNCs are presumably drawn deeper into
the pores than 8 nm SiNCs, leading to a more compact, but less
homogeneous network; this would account for the short
contour length. These results correlate with nitrogen
adsorption (Figure S), showing a high penetration of the
pores with 3 nm SiNCs, a partial penetration with 5 nm SiNCs,
and a low penetration with 8 nm SiNCs.

The optical properties of the present hybrid materials were
also investigated. When following approach 1, aerogels became
cloudy and brittle, presumably because of remaining SiNC-
aggregates and cracks in the network. The SiNC-free aerogel as
well as those prepared using approach II were more transparent
when viewed against 2 bright background (Figure Ga). This
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Figure 6. (1) Images of the aerogel—SiNC composites (1, reference;
2—4, aerogels containing washed-in 3, 5, and 8 nm SiNCs cbtained by
approach II; 57, aerogels with directly intercalated 3, 5, and 8 nm
SiNCs according to approach ) under ambient (top) and 365 nm UV-
light (bottom), (b) PL of aerogel-SiNC composites obtained from
the wash-in approach {365 nm excitation wavelength). {c} Image of
the drop shape on the aerogel.

presumably results from negligible light scattering because of a
low concentration of small silica particles and small $iNCs*>"*
All SiNC-containing acrogels showed SINC size-dependent
photoluminescence (Figure 6b/Figure $26). The PL spectra of
the SiNCs attached to silica aerogels exhibited blue shifts
compared with free SiNCs (vide supra) that are reasonably
attributed to some oxidation resulting from the processing
procedures.*”** This effect increased when SiNCs were directly
added to the gelation (I, PL*™ = 690 nm; PL*™" = 753 nm;
PL*™™ = 898 nm) and thus exposed to these conditions for a
longer time. Using the wash-in approach (I1), HCl was released
from the reaction of alcogel OH groups with TMSCI, thus
leading to weaker PL shifts (PL™™ = 698 nm; PL™" = 807 nmy;
PL*™ = 920 nm). In all cases, the size-dependent PL properties
of the SINC were maintained.'®

The present acrogels were rendered hydrophobic by bonding
TMS moieties to their surfaces. In drop shape analysis (3 uL
water), the SiNC-free aerogel shows a static contact angle of
139.0°. Because of a higher density of the hydrophobic silane
and lower pore radii when SiNCs were added to the gelation
procedures (I; Figure $32), hydrophobicity of the respective
aerogels was enhanced and water contact angles of 141.8° (8

nm SiNCs), 146.3° (§ nm SiNCs; Figure 6¢), and 148° (3 nm
SiNCs) were observed. By contrast, contact angles decreased to
130.4° (8 nm SiNCs), 130.3° (5 nm SiNCs), and 130.5% (3 nm
SiNCs) for aerogel—SiNC composite materials with the use of
the wash-in approach after gelation (1I) (II; Figure $33). This
can be attributed to changes in surface roughness [vide supra,
Figure 3(iii)] and in the surface energy arising from surface-
tethered SiNCs.” However, all aerogels exhibited a super-
hydrophobic character close to flat surfaces coated with
perfluorodecyl-modified SiNCs (168°)."" From this change in
the surface polarity, ready adsorption of organic compounds in
the pores was facilitated. Highlighting the ability of the present
aerogels to “take up” organic analytes, a representative TGA of
a xylene-soaked aerogel (reference) shows a weight loss of
82.1%, whereas negligible weight loss was noted when the
acrogel was exposed to water for the same period and then
evaluated using TGA (Figure S17).

3-Nitrotoluene Sensing and Accumulation by a
Hybrid SiNC-Silica Aerogel. The application of silica
acrogels as sensors for nucleotides, o gen, humidity, and
bacteria has been demonstrated earlier™*"~"* However, in
such examples either concentrated analytes were used or
complex devices had to be constructed to obtain a sensing
performance. The present hydrophobic SiNC—silica aerogel
composites hold potential as simple optically responsive
materials in sensors for nitroaromatic species without the
requirement of post-treatment. As a proof-of-concept demon-
stration of this capability, we chose to explore the application of
aerogel—SINC composites obtained from the wash-in approach
(T1) with 3 nm SiNCs because the nanocrystals were located on
the pore surfaces and emitted a bright red PL (698 nm, vide
supra).

Because of the unpolar features of the composite, we first
performed PL quenching with 3-nitrotoluene (3-NT) solutions
in toluene (Figure 7a). We observed quenching of the PL
increasing with the 3-NT concentration, which is consistent
with the qgenching of the PL of dodecyl-SiNCs as shown in the
literature. ~ On this basis, we tested the composite material as
an adsorbent and sensor for a diluted solution of 3-NT in water
(270 uM 437 mg/L; maximum solubility of 3-NT in water is
0.5 g;/LJ-53 Thus, a 10 mg piece of the silica aerogel/3 nm
SINC composite was added to the 3-NT/water solution.
Because of its low density and hydrophobic character, the silica
acrogel floated on of the solution. In this configuration, the
quench of the PL intensity occurred to be time-dependent.
After 8 h, the PL was quenched to a minimum level by
accumulation of 3-NT and no further changes occurred (Figure
7b). The time-resolved study was then followed by the
determination of the symmetric and the asymmetric stretching
vibrations of 3-NT at 1352 and 1531 an™' in ATR—IR (Figure
7¢; Figure $18b). The outer surface of the composite was dried
prior to each measurement to exclude surface impurities
indicating that 3-NT had steadily been soaked in the gel. After
two hours of exposure to the solution, the silica aerogel/3 nm
SINC composite showed a small nitroaromatic signal which
increased with time (Figure 7, gray bar). Thus, we propose that
3-NT was transported into the aerogel composite through the
coaction of capillary forces and the adsorption of 3-NT vapor in
the composite. The accumulation of the 3-NT in the acrogel
initiated the PL quenching, which proceeded uniformly through
the hybrid material. To support this proposal, TGA was
performed. The silica aerogel—SiNC composite material was
measured after 8 h of soaking in aqueous 3-NT (and surface
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Figure 7. (a) PL measurement {365 nm excitation) of a silica aerogel/3 nm SiNC nanocomposite exposed to various concentrations of 3-NT in
toluene. {b) Time-resolved PL quench using 40 mL of a 270 M solution of 3-NT in water. Accumulation of 3-NT in the aerogel observed by (c)
ATR~IR spectroscopy (the highlighted bands at 1352 and 1531 cm ™' are the symmetric and asymmetric stretching vibrations of the NO bond) and
(d) TGA curves of the SiNC—silica aerogel composite material after 5 d in water and 8 h in a 270 gM solution of 3-NT in water.

drying afterward) and a reference was enalyzed after § d in
water (Figure 7d). Given the hydrophobic nature, the TGA
demonstrates that adsorbed 3-NT led to a significantly higher
weight loss than that could be achieved by the control sample
in pure water. Thus, a significant uptake of the organic analyte
in the hybrid material occurred, while water was shielded. 3-NT
was also desorbed from the dried aerogel sample by treatment
with pentane. Gas chromatography—mass spectrometry analysis
of the solution showed the signal of 3-NT (m/z=137 g/mo[)
(10.8 min retention time; Figures $34 and $35). After
desorption of 3-NT from the aerogel pores, PL returned.
This demonstrates the reversibility of the quenching process.
Hence, the hybrid material is promising for the adsorption and
simultaneous time, or concentration-resolved sensing of certain
organic analytes (eg, nitroaromatics) leading to potential
applications in water purification or in the recovery of organic
substances from water.

B CONCLUSIONS

The preparation of SiNC-based composite materials enabled
the combination of unique propertics and thus is of great
importance for potential applications such as sensing or
catalysis. In this paper, we present a study contributing to the
design of a hybrid material containing SiNCs covalently
attached to silica aerogels. Furthermore, the influence of
various preparation methods was examined and the potential
application of the hybrid materials as a sensor was
demonstrated.

Photoluminescent 3, 5, and 8 nm SiNCs obtained from
thermal HSQ_treatment were modified by TEVS grafting and
subsequently linked to silica gels following two approaches:
SiNCs were directly added to the gelation procedure or SiNCs
were washed-in afterward. Both approaches were followed by
supercritical drying.

The addition of SiNCs to the gelation resulted in an
intercalation into the silica network and narrowing of the pores
by enhanced cross-linking from the nanodomains. By contrast,

iff SiNCs were washed in the alcogel, crystallites were observed
on the gel surfaces indicating that the SiNCs were located on
the pore surfaces; an effect on the pore arrangement was
demonstrated by nitrogen adsorption and SAXS analysis.
Although both approaches—gelation with SiNCs and washing
SiNCs into the aerogels—exhibited different structures, size-
dependent optical properties of the SiNCs were majorly
sustained.

Because of their high water-repellent properties and the
bright PL, an aerogel/3 nm SiNC composite material was
tested for its capacity of sensing of minimal concentrations of 3-
NT in water. SINC-PL quenching has been found to occur
because of a simultaneous accumulation effect of 3-NT in the
aerogel, demonstrating the capacity of the hybrid aerogels in
sensing applications. If the properties of both materials are
combined, the composite materials might play promising roles
in many fields of application, such as catalysis, energy
conversion, bioanalytics, or in the detection of environmental
pollutants. To obtain a useful material for these applications,
future research is focusing on the illumination of the molecule
adsorption mechanism, the sensitivity of the hybrid materials
toward molecules with different polarities, and the impact of
SINC—silica aerogel pore sizes to the sensing efficiencies.
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4.4, Silicon Nanocrystals and Silicon-Polymer Hybrids: Synthesis, Surface
Engineering, and Applications

4.4.1. Summary

Arising from their low toxicity, the bright photoluminescence (PL) in the visible region and
their straightforward synthesis, SINCs are useful in many applications. However, their uses are
often limited due to surface oxidation, quenching of the PL, low dispersibility in organic
solvents and aggregation. Therefore, surface engineering is a major objective in this diverse
field of science. The presented review article summarizes the synthesis, surface engineering
and application of silicon nanocrystals and their hybrid materials. Based on hydride terminated
SiNC surfaces, a variety of reaction profiles are of interest.

The tendency for surface oligomerization occurring from thermal grafting, the formation of
fluorocarbon surface groups, the efficient borane catalyzed hydrosilylation of alkenes and
alkynes and the advantages of diazonium salt and radical initiators in SINC surface grafting are
reviewed. Alternative reactions involving heteroatoms as surface groups (e.g. amines,
trioctylphosphine oxide, acetals and lithium organyls) are discussed in detail. Although the
generation and utilization of halogen surface groups is comparatively challenging, it is an
important contribution to the SiNC science: PL properties depend on the atom (Cl, Br or I),
halogen surface groups can simple be substituted and they allow the generation of hypervalent
interactions at the Si center with carbonyls and nitriles.

Physical mixtures of SiNCs with polymers often lead to aggregation, oxidation or
destabilization of the nanoparticles in the matrix. Good results could be obtained upon using
PEDOT:PSS stabilization within micro plasma reactors. Improved stabilities were realized by
covalent attached polymers like polystyrene or polysiloxanes. Furthermore, the reversible
addition-chain fragment chain transfer (RAFT) and the group-transfer polymerization (GTP)
on SiNC surfaces were reviewed as a contribution for functional surface polymers. Thus, SiNCs
with specified surface groups could be applied in various applications like sensing of
nitroaromatics and dopamine, in-vitro and in-vivo bioimaging, light emitting diodes with high
quantum yields, high stability battery anodes and in catalysis.
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SJZiC()rJ nanocrystals (SIi-NCs) are emerging as an attractive class of
quantum dots owing to the natural abundance of sificon in the Earth’s
crust, their low toxicity compared to many Group IH-VI and 11I-V
based quantum dots, compatibility with the existing semiconductor
industry infrastructure, and their unique optoelectronic properties.
Despite these favorable qualities, Si-NCs have not received the same
attention as Group [I-VI and III-V quantum dots, because of their
lower emission quantum yields, difficulties associated with synthe-
sizing monodisperse particles, and oxidative instability. Recent
advancements indicate the surface chemistry of Si-NCs plays a key role
in determining many of their properties. This Review summarizes new
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reports related to engineering Si-NC surfaces, synthesis of Si-NC/
polymer hybrids, and their applications in sensing, diodes, catalysis,

and batteries.

1. Introduction

Semiconductor quantum dots have emerged as a new class
of luminescent materials whose emission properties can be
tuncd by changing the nanocrystal size,!! shapel? composi-
tion.! and dopants! Since their discovery thirty years ago,
quantum dots have revolutionized the field of nanotechnol-
ogy owing to their fascinating optoelectronic properties and
their diverse applications have reached across the fields of
physical and lile sciences, engineering, and medicine. Today,
scmiconductor quantum dots are on the forcfront of many
rescarch fields and are being investigated for applications
such as solar cells,” LEDs! catalysis)” bio-imaging,”
magnetic materials,” sensing,™" bioassays,'! lasing 'Y and
quantum computing,* among others. The most well-known
quantum dots arc composed of Group TI-VI, IV-VI and ITI-
V type semiconductors. Unfortunately, these contain toxic
heavy metals, such as cadmium, lead, mercury, and arsenic as
well as elements whose reserves are depleting. such as indium
and sclenium. With incrcased awarcncss ol the harmlul
clleets of toxic heavy metals, their use in consumer products is
becoming increasingly regulated as evidenced by the Euro-
pean Union Directive 2011/65/EU (“Restriction of the use of
certain hazardous substances™) that limits or bans the use of
these clements. Consequently, cfforts have been made to
establish alternative quantum-dot materials that are non-
toxic and abundant.

It is an understatement that we live in a technological
world made possible by silicon (Si). While bulk Si has
dominated the microelectronics industry for over half a cen-
tury, it is not photoluminescent at room temperature and has
limited optical applications. It was only twenty five years ago
with the discovery of porous silicon (p-Si} by Canham,"! that
nanostructured Si began being explored and applied for its
oplical properties."™ Today, a wide spectrum of methods have
been reported for preparing silicon nanocrystals (Si-NCs).
The most commonly used metheds can be generally classitied
as reduction of silicon halides" oxidation of metal sili-
cides," thermal disproportionation of silicon-rich oxides™
and decomposition of silane or disilane®™ using plasma or

Angew. Chem. nt. Ed. 2018, 55, 2322 233G
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heat (See Scheme 1). Other methods such as magnesiother-
mic reduction,”™ thermal decomposition of silicon precursor
in supercritical fluid,* and etching™! or mechanochemical
ball milling® of bulk silicon (o prepare Si-NCs have also been
reported. These procedurcs as well as their advantages and
disadvantages were recently reviewed and will not be
discussed herein !

Most procedures yield Si-NCs terminated with a hydride,
halogen, or oxide surface.” Ilydride and halogen surfaces
arc oxidatively unstable and hydride as well as oxide
terminated Si-NCs arc not rcadily dispersed in common
solvents; hence Si-NCs bearing these surfaces require further
modification to passivate their surfaces and render them
compatible with solvents. Conventionally, semiconductor
quantum dots possess a core—shell structure where the core
maltcrial is covered with a laltice-matching wide-band-gap
material that confines the excitons within the core, isolates
them from surface states, and increases the probability of
radiative recombination.”™ Unfortunately, known methods
for preparing Si-NCs do not olfer ready access 1o similar
structures. As a result, Si-NCs arc typically lunctionalized
directly with organic ligands. These surface modifications
allow for the preparation of nanomaterials with a variety of
functionalities and improved properties. Herein we review
recent work related to tailoring Si-NC surlaces 1o manipulate
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their dispersability, stability. photoluminescence (PL). quan-
tum yields, and applications.
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2. Monolayer Surfaces

Covalent attachment of [unctional monolayers onto bulk
silicon surfaces began with the pioneering work of Linford
and Chidsey; in their ground breaking work they investigated
reactions of 1-alkenes and 1-alkynes with hydride-terminated
Si(111) and Si(100) bulk surfaces.” In the ensuing decades,
similar methodologies have been extended to porous silicon
and [reestanding Si-NCs P Correspondingly numerous meth-
ods have been established to generate Si—C, Si—0, Si—N,*+*
and more recently Si—SP*! linkages on NCs. Still, Si—C linked
monolayvers have long been considered the surface of choice.
The lollowing discussion [ocuscs on the recent advances in
reactivity of hydride and halogen surfaces on Si-NCs.

2.1. Hydrosilylation Reactions

Hydrosilylation involves the addition of a Si—H bond
across multiple C—C bonds and is typically facilitated by
exposure to heat,”™ light,*"! radical initiators,™! transition-
metal catalysts™! Lewis acids,*™ or plasmons.”¥ Thermally
initiated hydrosilylation is widely employed; il proceeds
independent of particle size and shape, does not require
a catalyst that could contaminate the product and compro-
mise target properties, and provides efficient surface cover-
age, The generally accepted mechanism for this reaction
involves the thermally initiated homolytic cleavage of surlace
Si-H bonds to provide surface silyl radicals that subsequently
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research at the University of Massachusetts
at Amherst and in the plasiics laboratory of
BASF SE, he received his Habilitation in
1995 at the University of Tubingen. In the
same year, he became Professor ordinarius
at the Department of Materials and Caial-
ysis at the University of Ulm. In 2006, he
was appointed professor at Technisshe Uni-
" versitdt Miinchen. Since then, he holds the
WACKER-Chair of Macromolecular Chenis-
try and works as director of the Institute of
Sificon Chemistry at TUM.

Dr. Veinot is a professor in the Chermistry
Department at the University of Alberta. His
research aims to develop methods for pre-
paring, and investigating advanced nanoma-
terfals (NMs) and opioelectronic polymers.
His team established a straightforward, scal-
able method that affords tailored Si nano-
crystals that has become the method of
chaics in seven international groups. He is
aﬁ:rmer Chair of the Chemical Society of
Canada Materigls Chemistry Division, Asso-
ciate Editor of the Canadian journal of

i Chemistry, and Canadian Director of the
Alberta/TBshmcaf Uni ity of Munich Inter | Graduate School for
Hybrid Functional materials.

,J y

2324 www.angewandte.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 2322 -2339

113



4. Silicon Nanocrystal Functionalization and Hybrid Materials
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react with terminal carbon—carbon multiple bonds. While
a few rare exceptions exist” reactions of this type are
typically performed in neat alkene/alkyne and until recently it
has long been assumed that they yielded surface-bonded
monoelayers. In 2014, Yang et al. conclusively demonstrated
that typical thermal hydrosilylation conditions induce ligand
oligomerization and that the degree of oligomerization
increases with oxygen content, reaction temperature, and
ligand concentration.®” The reaction produets were analyzed
using NALDI (nanostructure assisted laser desorption/ion-
ization) mass spectrometry and oligomers of up to seven
repeat units could form when dodecene was emploved
(Figurc 1a). Consisient with these [indings, Panthani ct al.

a) 0ec

3
H
H
H
i
]
H

fon signal (a.u.)

I. ‘l T!. ul \

M\LJ |J

miz
Figure 1. a) NALDI mass spectra of dodecyl-functionalized Si-NCs at
the indicated temperatures. b) Bright field (top, bottom left) and dark
field (bottom right} STEM images of alkyl-passivated Si-NCs on the
edge of a graphene support. Reproduced and adapted with permission
from the American Chemical Society.”"*

published TEM images ol alkyl-stabilized Si-NCs obtained
from thermal hydrosilylation. Their images were obtained
using graphene supports and show what appear to be ligands
around the NC surface (Figure 1) It is reasonable that
ligand oligomerization contributes 1o the  robusiness,
increased stability, and PL quantum yields™ ol thermally
hydrosilylated Si-NC surfaces, however these long electrically
insulating alkyl chains also present a potential challenge to
the eventual application of Si-NCs in optoelectronic devices.

Qian et al. tethered Muoro-substituted alkencs onto Si-NC
surfaces in attempts to enhance the oxidative stability.!")
Perfluorodecyl groups were grafted onto Si-NC surfaces
upon heating in a microwave reactor (Scheme 2). The
rescarchers propose this approach is a facile and “green”
method for modifying Si-NC surfaces. They also propose an

H € F
1H,1H,2H-Perfluoro-1-decene

O

Scheme 2. A summary of the synthesis of perfluoredecyl-functionalized
Si-NCs. Adapted with permission from the American Chemical Soci-
ety

Microwave (closed vial reaction)
170°C, 3 hrs

Angew. Chem. nt. Ed. 2018, 55, 2322 233G

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Reviews ,ﬂ.dt

asseciated increase in absolute PL quantum yield resulting
from the low frequency of carbon-fluorine stretching modes
that minimize non-radiative relaxation pathways. In addition
they noted enhanced oxidative and PL stability in perfluor-
odecyl functionalized Si-NCs compared to the dodecyl sur-
face ligand upon exposure to humidity. Similar work from the
same group also indicated that introducing heteroatoms (i.e.,
C X bonds: X =S5 or F) into the surface-bonded alkyl or aryl
moictics lead to cnhanced absolule photoluminescence
quantum yields presumably because of the associated low-
ering of the C—X bond vibration frequency.!!

While a very small number of exceptions exist.* thermal
hydrosilylation requires high reaction lemperaturcs, and as
a result only high-boiling alkenes and alkynes can be
conveniently gralted onto Si-NC surlaces. Photochemically
induced hydrosilylation provides a seemingly obvious alter-
native. However. its utility is limited by size-dependent
reactivily, intolerance 1o chemical [unclionality, and long
reaction times.™) Other room-temperature hydrosilylation
routes make use of transition-metal catalysts, but these
additives can compromise Si-NC properties (e.g.. PL quench-
ing) and removing the residual catalyst is difficult.*"
Recently, Purkail et al. modified Si-NC surlface chemisiry at
room-lemperature via boranc-catalyzed hydrosilylation."™
They functionalized Si-NCs with a variety of terminal alkenes
and alkynes {Scheme 3), realizing up to 96% surface cover-
age.

H
“\.' M =—(CHy)CHs \" /ﬁ(CHz)..CHa'W
H H ——
W 0 H  BHyTHF (cat)/ RT | -
H where,
'£I

n=2>50r9
Scheme 3. Borane-catalyzed hydrosilylation of Si-NC surfaces with

|
terminal alkenes and alkynes. Reproduced and adapted with permis-

sion from the American Chemical Society.*!

__ (CH2),CH3

BHy-THF (cat)/ RT

Hohlcin ct al. also reported a room-lemperature route Lo
Si-NC surface hydrosilylation initiated by diazonium salts
{Scheme 4).*) While diazonium salts have been used to
directly graft aryl groups onto silicon surfaces,[*”
radical initialors has only been shown for porous silicon.*!
The researchers also investigated the influence of substituents
on the cllicacy of the reaction and [ound that those with
electron-withdrawing groups provided the highest surface
coverage. Diazonium-salt-initiated hydrosilylation was also
tolerant of various functional groups and afforded attachment
of hydrocarbon alkenes and alkynes, vinyl laurate, methyl
methacrylate, cthynyltrimethylsilane, and chlorodimethyl-
(vinyDsilane. In another study, the same researchers demon-
strated that chlorodimethyl(vinyl)silane functionalized Si-
NCs could be further modified upon reaction with alcohols.
silanols, and organolithivm reagents.!"”

1 their use as

www.angewandte.org

114

e

Chemie

2325



4. Silicon Nanocrystal Functionalization and Hybrid Materials

oy - [
10021
a) Ho - @cm"u \L K /_,c..,um
i) . cm"‘z«‘\_‘sj
Fa R Toluene, r, dark, 2h CioHzy
H
CigHz1 "
I CigHy
b x -
. O O O
®
i )
HHH -Nz ol B 1 -HX S
~8i-8i-8i— “%sis- e —dirdide
R
©
7N HH
'QR —Si-Si-§i—
T
—$i-8i-8i—

\\ R
o~
T

Si-

Scheme 4. a) Modification of Si-NCs with alkenes via diazonium-salt-
induced hydrosilylation. b) Proposed mechanism for diazonium-salt
reactivity with silicon hydride surfaces. Reproduced and adapted with
permission from John Wiley and Sons.!*"

2.2. Alternative Reactions on the Silicon Hydride Surface

While hydrosilylation remains the lcading approach
toward Si-NC surfacce [unctionalization, atiecmpts to circum-

vent its limitations have scen exploration of the reactivity of

Si—H surfaces. Some recently reported reactions are sum-
marized in Scheme 5. While hydrosilylation leads to optical

R R
Li H H H
el HCl L

Li—)er{-Li ——— H—{Si}H
R R RJT/\R

I ———= I
A
=
-

NHR 00—
H H 0,
95 RNH; A co, O A
(svm ——2 w—{siH ——— b sijo
RN" H, ™
NHR L o/

RaP=, o°
RyP=0| 0=PR,
0 CN
R 0 g 3 | R =alkyl

o o [Roamw]
Scheme 5. Reactivity of Si-H terminated Si-NCs with organolithium
reagents, carbon diexide, alkylamines, and alkylphosphine oxides.
Reproduced and adapted with permission from John Wiley and Sons
and The American Chemical Society.”>>9
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properties dominated by band-gap emission, investigations to
date suggest that mest alternative functionalization pathways
yield materials that emit from defect/surface states.

We have shown hydride-terminated Si-NCs react directly
with amines to afford Si-N covalent linkages.”” The surface
passivation resulting from this reaction is incomplete and
significant oxidation is observed. The incorporation of nitro-
gen and oxygen moieties onto the surface leads to particle-
size-independent surface-specics-based blue photoluminges-
cence. ¥l Hydride terminated Si-NCs also react with CO, at
high pressures (i.e., 10 bar) and temperatures above 100°C,
vielding an acetal surface that provides blue-green photo-
luminescence.™ At longer reaction times the surlace acctal
groups decompose forming formaldehyde and  oxidized
particles that precipitate [rom the reaction mixture. Analo-
gous to molecular silanes, hydride-terminated Si-NCs react
with phosphine oxides forming the corresponding tri-substi-
tuted phosphine.5 Under ambicent conditions, the reduced
phosphincs arc oxidized 1@ the corresponding phosphine
oxide and stabilize oxide-coated Si-NCs in organic solvents.
The optical properties of these phosphine-oxide-stabilized
oxide-coated Si-NCs are complex; studies indicate band pap
and defect states play a role in determining the emission
maxima, The relative PL quantum yields obtained for Si-NCs
derived from reactions of hydride-terminated Si-NCs with
amines, CO,, and phosphine oxides are higher relative to
those obtained for hydrosilylated S$i-NCs*! However, in
contrast to Si-NCs exhibiting band-gap-based PL, those
emitting [rom surface states appearcd to photobleach
(Figurc 2).

Hahlein ¢t al. further demonstrated that hydride-termi-
nated Si-NCs react directly with organolithium reagents via
cleavage of surface Si—Si bonds to form Si—Li and Si—R

a)

Si .
PhLi TSI

b)
1. PhLi Tn N P‘h Sl
I 2. Hel ) CioHa . oz
CI)_H RT,2h \S}H 4-DDB, RT, 15 h \s)—/_
Scheme 6. a) Reaction of Si-NCs with phenyllithium and subsequent
reactivity of Si-Li groups and b) reaction of Si-NCs with phenyllithium
and subsequent reactivity of Si-H groups yielding mixed-surface Si-
NCs. Reproduced and adapted with permission from John Wiley and
Sons."!

surface specics (Scheme 6a).51 The reaction procceds at
room temperature and the Si—H bonds can be further
functionalized to yield mixed monolayers (Scheme 6b).
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Figure 2. Photostability of Si-NCs stabilized with dodecyl, trioctylphosphine oxide, and acetal functional groups. The Si-NC sclutions were

continuously illuminated for over 150 min. Reproduced and adapted with permission from The American Chemical Society.

2.3. Halogenated Silicon Surfaces

Most solution-phase methods Lor preparing chloride- or
bromide-terminated Si-NCs never see the halogen-termi-
nated particles isolated; they are typically derivatized in situ.
The versatile reactivity of Si—X (X =Cl, Br) surfaces has seen
these particles derivatized using numerous approaches
including reactions with Grignard and organolithivm
reagents, amines, alcohols, silanols. This body of work has
been reviewed clsewhere.™ ™)

Of particular interest, Wheeler ¢t al. prepared chloride-
terminated Si-NCs via decompositien of SiCl. in the presence
of I, in a non-thermal plasma reactor and stabilized the Si—
bond with hard donor molecules via hypervalent interactions
(Figurc 3).51 ATR-FTIR analysis revealed shills in (he

b uumN
5
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L o
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: CHZ™ CH,),CHy i i CHy(CH),—C=N:| {5

0
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Molecular length, n

Figure 3. Concentration of chloride terminated Si-NCs as a function of
molecular length n of the stabilizing group a) n-alkanone and b) n-
alkanenitriles. Reproduced and adapted with permission from Nature
publishing group.

stretching modes of carbonyl, nitrile, and Si—Cl bonds
consistent with interactions between Si-NC and donor
molecules (Tigure 4). The stability of the colloidal NC
suspensions depended upon the donor strength; interestingly,
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Figure 4. ATR-FTIR spectra depicting hypervalent interactions between

ketones and nitriles with chloride-terminated Si-NCs, Reproduced and
adapted with permission from Nature publishing group.®

the surface-bonded groups were labile—an unprecedented
discovery [or Si surlaces.

While halogen termination of Si-NCs has been achieved
in sity, [ew reports outlining the deliberate halogenation of
Si-NCs have appeared. Chlorination/alkylation on bulk Si-
(111) and Si(100) surfaces was first reported by Bansal et al.
and gives a well-ordered. chemically passivated surface™
Chlorination is achieved by treating atomically (lat bulk Si
surfaces with PCly at temperatures higher than 90°C in the
presence of benzoyl peroxide. We investigated similar reac-
tivity with hydride-terminated $i-NCs."" In the case of the Si-
NC system PCI; chlorination proceeded at room (emperature
without a radical initiator (Figure 5a). A complication of this
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Figure 5. a) Schematic representation of halogenation and alkylation of
hydride terminated Si-NCs and b) PL spectra of alkylated Si-NCs
derived from halogenated surfaces. Reproduced and adapted with
permission from the American Chemical Society.™

approach is that PCl; etches the Si-NC surface at elevated
temperatures and can lead to complete dissolution of the
particles!™ Similarly, bromination can be achieved upon
reaction of hydride-terminated Si-NCs with clemental bro-
ming al room lemperature. Anisotropic etching of the Si-NCs
was also observed for this reaction, albeit faster than that
noted for PCL,. Todination can be achieved upon reaction of
clemental iodine with hydride-terminated Si-NCs, however
this procedure does not lead 1o complete modilication. The
formation ot §i—X (X =CI, Br and 1) was confirmed using
Raman and X-ray photoelectron spectroscopy.

Halogen exchange was observed between bromide-termi-
natcd Si-NCs and RMgCl reagents. Alkyl-lunctionalized Si-
N(Cs obtained trom chloride, bromide, and iodide surfaces
exhibited blue, red, and yellow-orange photoluminescence,
respectively (Figure 5b). While the red photoluminescence
originated [rom a transilion across the band gap (conlirmed
through long-lived excited states), the blue and yellow-orange
photoluminescence appear to originate from surface defects
and had nanosecond lifetimes.

Bell etal. reported room temperature bromination of
hydride terminated Si-NCs using N-bromosuccinimide
(Scheme 73.P" NCs functionalized in this way were subse-
quently modified upon exposure te alcohols to yicld red
photoluminescent Si-NCs.

Residual chorine-based impurities can influence Si-NC
optical properties. Often, blue photoluminescence is reported
for particles derived from chloride surfaces. We have dem-
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Scheme 7. Bromination of hydride terminated Si-NCs with N-bromo-
succinimide and its subsequent alkoxylation. Reproduced and adapted
with permission from the Royal Chemical Society.”

onstrated that oxvchloride moieties can induce surface-state-
bascd bluc cmission that is independent of particle size.”™ In
contrast, well-passivated Si-NC alkyl surlaces derived [rom
bromide termination show size-dependent  photolumines-
cence from band-gap emission.

Recently, numerous groups have explored the chloride
surface of Si-NCs as a reaclive platform lor allaching
substitutcd amines. Li ¢t al. and Wang ct al. demonstrated
that attaching aryl amines bearing different substituents can
Si-NC  photoluminescence
(Figure 6).*'l The origin of this luminescence remains in
question, however solvatochromism demonstrated by our
group is consistent with the ¢mission arising [rom a charge-
transfer state involving silicon oxynitrides. The PL from
aminated surfaces are short-lived with excited-state lifetimes
(ca. 5n8) and exhibit very high quantum yields {ca. 75%).

Zhai et al. used chloride terminated Si-NCs for straight-
lorward attachment of p-mannose and L-alanine 1o yicld
lumincscent watcr-soluble particles (Figare 7). This routce
provides a general method for attaching sugars and amino
acids to Si-NCs. Uptake and PL emission of mannose- and
alanine-functionalized S1-NCs in MCT-7 cells was also shown.

influence  the maximum

3. Si-NC/Polymer Hybrid Materials

Hybrids of functional polymers and semiconductor nano-
crystals are attractive because the properties of the individual
components may be tuned independently. Combining these
complementary materials into a hybrid offers new systems
that possess the properties of the components, as well as
hybrid characteristics arising from the synergistic interactions
between the nanomalcerial and polymer. A varicty of
approaches tor assembling polymers and guantum dots of
binary (e.g., CdSe, InP, PbTe), ! ternary (eg., CulnSe,.
CulnS.),™ and quaternary (e.g., Cu,ZnSnSe )™ compound
semiconduclors have been established. In contrast, Si-NC/
polymer hybrids remain in the early stages of development,
partly because of limited availability of well-defined Si-NCs,

Physical blending ot components provides a straightfor-
ward approach toward obtaining hybrids. This approach was
employed by Liu et al., who combined hydride terminated Si-
NCs  with regio-regular  poly-3-hexylthiophene  (P3HT,
a common and usctul optoclectronic polymer) and cxplored
the composite in prototype photovoltaic devices!™ While
promising, this procedure was plagued by particle aggregation
that lead to non-uniform films and comparatively poor
prototype device performance. To improve material homo-
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Figure 6. Absorption and emission spectra of Si-NCs functionalized with substituted amines. Reproduced and adapted with permission from the
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Nature publishing group.
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Figure 7. Synthesis of alanine and mannose functionalized Si-NCs and fluorescence images of MCF-7 cells incubated with Si-NCs bearing the

corresponding functional groups. Adapted with permission from the Royal Cherical Society.”

geneity Mitra et al. emploved an atmospheric-pressure micro-
plasma technique to coat Si-NCs with PEDOT:PSS polymer
(Figure 8a)}l"" This provided a uniform polymer coating on
the NCs and mmproved their stability, solvent dispersability
(Figure 8b), and photoluminescence.

Drawing on work rclated to compound scmiconductor
quantum dots, Hessel et al. exploited non-covalent interac-
tions; they reported preparation of Si-NC/poly(maleic anhy-
dride) hybrids (Figure 9a).1 Encapsulating alkyl terminated
Si-NCs within this amphiphilic polvmer shell made the
particles water dispersible and suitable for in vivo biological
imaging applications. They also demonstrated that the hybrid
was luminescent (Figure 9b), stable over large pH ranges and
ionic strengths, large enough to bypass the renal system, and
small enough to remain in the circulatory system for extended
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periods. These properties made these hybrid nanomaterials
attractive for biclogical applications.

While noncovalent interactions are clearly useful in the
assembly of nanomaterial/polymer hybrids, these compara-
tively weak interactions can bring challenges associated with
their long-term stability. Forming covalent linkages between
the Si-NC and polymers provides one method for improving
homogeneity, charge transport, and long-term stability. Yang
et al. reported the “one-pot” synthesis of a Si-NC/polystyrene
hybrid (Figure 10a) that is chemically resistant, photolumi-
nescent, homogencous, and solution processable!®) The
hybrid is believed to form by the thermally induced auto-
initiated polymerization of styrene. Styrene radicals can
abstract hydride from the Si surface leaving behind a silyl
radical that reacts with free styrene molecules to yield
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Figure 8. a) Schematic representation of the microplasma apparatus
used to coat Si-NCs with PEDOT:PSS and b) photographs of Si-NCs in
water-polymer solution before and after microplasma processing.
Reproduced and adapted with permission from the American Chemical
Society.""’!

polystyrene-functionalized Si-NCs. The rescarchers  fabri-
cated freestanding luminescent films, microfibers, and
coated optical fibers using the Si-NC/polystyrene hybrid
(Figurc 10b-d). Dung ct al. showed a similarly prepared Si-
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NC/polystyrene hybrid was stable te 250°C and was a useful
charge-trapping material in prototype metal-insulator-semi-
conductor devices and thin-film field-effect transistors.™
Chei et al. synthesized Si-NCipolystyrene hybrids with vary-
ing proportions of the NC and polymer components."" The
refractive index of spin-coated films increased with the Si-NC
concentration.

While simple hydrocarbon-based polymers (i.e., polystyr-
ene) can be atlached to the Si-NC surfaces using straightfor-
ward hydrosilylation, alternative grafting methods are
required to access other functional polymers. Our group
recently established a multistep surface-initiated group-trans-
[er polymerization (SI-GTP) procedure lor modilying Si-NCs.
Polydicthylvinylphosphonate (PDEVP) embedded Si-NCs
were synthesized as outlined in Scheme 8.7 Initially the
surfaces of hydride-terminated $i-NCs were modified with
ethyleneglycol dimethacrylate (EGDM)}) using photoinduced
hydrosilylation. This new surlace scrved as an anchor [or the
catalyst (i.c., Cp, Y CH,S1(CH,);; Cp=cyclopentadienyl) that
readily polymerizes dicthylvinylphosphonate to yield Si-NCs
embedded within PDEVP. The resulting material is soluble in
water and luminescent (Figure 11a). Importantly, the lower
critical solution temperature (LCST) characteristic ol the
PDEVP was retained in the new hybrid (Figure 11b,c).

Sato et al. reported the synthesis of Tnminescent, flexible,
extendible, and transparent Si-NC/silicone polymer
hybrids.™ Silicone elastomer was directly bonded to the Si-
NC surface via siloxane linkages. The luminescent properties
of the hybrids were altered by changing the Si-NC size
(Figurc 12a). This hybrid was molded to form a varicty of
shapes (Figure 12b} and was photostable under a varicty of
conditions (e.g.. pH, solvent polarity, and mechanical stress).

I6hlein et al. reported an alternative method for inter-
facing polymers with Si-NCs. They demonstrated surface-
initiated reversible  addition-fragmentation  chain translcr
(RAFT) polymerization on Si-NC surfaces with styrene,
methyl methacrylate, hexyl acrylate, N-isopropylacrylamide,
and 4-vinylbenzyl chloride to vield luminescent NC/polymer
hybrids.¥ Initially hydride terminated Si-NCs were [unction-

Dodecene-Si Polymer-Si
(Water) (Water)

Figure 9. a) Preparation of a Si-NC/poly(maleic anhydride)-based hybrid. b) Photographs of vials containing Si-NC solutions under ambient light

and when illuminated by UV {350 nmy} light. Reproduced and adapted with permission from John Wiley and Sons.
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Scheme 8. Synthesis of PDEVP-functionalized Si-NCs. Reproduced and adapted with permission from John Wiley and Sons.”

alized with chloro(vinvl)dimethylsilane, which was further
modified with 6-hydroxylhexyl 3-(methylthio)-2-phenyl-3-
thioxopropanoatc (HMT). Polymcrization was performed
upon addition of a monomer and ethyl-3-(methylthio)-2-
phenyl-3-thioxopropanoate (EMPT) mixture to the Si-NC/
HMT system {Scheme9). The process exploited living
polymerization and yiclded particles with narrow size distri-
butions. The polymer grafted Si-NCs showed higher stability
in KOH solution comparcd Lo equivalent alky] [unctionalized
nanoparticles.

4. Applications

§i-NCs have garnered much interest as potential compet-
itors and replacements for conventional Group 1I-V1 and III-
¥V quantum dots, Si-NCs also offer the added advantage of

being compatible with common electronics platforms and

Angew. Chem. nt. Ed. 2018, 55, 2322 233G

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

have low toxicity!” Hence, they are attractive materials for
electronics and biological applications. Recently, Reviews
related to the prototype investigations of Si-NCs in biological,
magnetic resonance imaging, and photovoltaic applications
have appeared and these topics will not be discussed
herein.P*™ ™ Si-NCs have also been investigated as
materials in battery electrodes, sensors, and diodes, as well as
catalysts. The following Section provides a perspective on
these uses of Si-NCs.

PL-based sensors are attractive because of their high
sensitivity, rapid response, portability, limited infrastructure
requirements. and low cost.™! Quantum dots are preferred
luminophores because of their stable, tunable cmission
propertics. Cd-based ¢uantum dots were demonstrated as
PL sensors to detect nitroaromatic explosives.f!! Our group
developed disposable, paper-based sensors using dodecyl-
functionalized Si-NCs to detect a series of nitroaromatic,
nitroamine, and nitrate ester containing explosives.® The

active
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Figure 11. a) PL spectrum of PDEVP grafted Si-NCs at 4,,=365 nm
{inset: PDEVP/SI-NC sclutions under ambient light and UV illumina-
tion); b} dynamic light scattering (DLS) measurement of the LCST
effect of PDEVP grafted Si-NCs in water and ¢) dispersion of PDEVP
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Figure 12, a) TEM micrographs and photographs of Si-NC/silicone
elastomer hybrid material emitting different colors under UV illumina-
tion and b) images of Si-NC/silicone elastomer drawn into various
shapes, viewed under ambient and UV light. Reproduced and adapted
with permission from John Wiley and Sons.™

grafted Si-NCs in water at room temperature (i—ii} and after heating
the bottom part of the tube to 70°C for several hours (jii-iv). paper-based sensor was prepared by dip-coating lilter paper
Reproduced and adapted with permission from John Wiley and in a concentrated toluene solution of Si-NCs. Quenching of
i : : ©
Sons, the PL of the resulting NC impregnated paper sensors upon
exposure to solutions of mononitrotoluene (MNT), dinitro-
toluene (DNT). trinitrotoluene (TNT), 1,3,5-trinitroperhy-
o Pn
3
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Scheme 9. Surface-initiated RAFT polymerization to yield polystyrene-functionalized Si-NCs. Reproduced and adapted with permission from the
74

Royal Chemical Society.”
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ing of Si-NC PL in presence of nitrobenzene vapors. Reproduced and
adapted with permission from the Royal Chemical Society.*”

dro-135-triazine (RDX), and pentacrythritol tetranitrate
(PETN) could be detected visually (Figure 13a). The PL
was also quenched upon exposure to solid nitroaromatic
resiklues or nitroaromatic vapors. The quenching was rever-
sible [or wvolatile compounds (Figure 13b). Investigations
indicale the quenching of PL arises [rom clectron (ransler
from the Si-NC to the n* orbitals of the nitro-containing
compounds. These paper-based sensors allowed detection of
nitroaromatics at nanogram levels in the solid and vapor
phases.

Ban ctal. prepared water-dispersible amino-capped Si-
NCs as PL probes for the detection of TNT in aqucous
media.®™ In the abscnee of conclusive cvidence, they pro-
posed that TNT formed a complex with surface amine groups
through strong denor/acceptor interactions and that the
resulting TNT/amine complex quenched the Si-NC PL via
Forster resonance energy {ransfer (FRET; Scheme 10). They

Scheme 10, Schematic representation of luminescence quenching by
TNT of amine capped $i-NCs via the FRET mechanism. Reproduced
and adapted with permission from the Royal Chemical Society.*

turther proposed that the quenching efficiencies depended on
the binding affinities of nitro-analytes on the Si-NC surface
and the electron-accepting ability of the nitro-containing
compounds. Similarly, Zhang ¢t al. showed seleclive dopa-
mine detection using luminescent Si-NCs in aqueous medium
at very low concentrations of the analyte dopamine (ca.
nm).™ They also showed that other common molecules in
a living system did not interfere with dopamine making the
method selective (TFigure 14).
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Figure 14. Fluorescence responses of Si-NCs in the presence of various
analytes. Reproduced and adapted with permission from the American
Chemical Society!

Properties such as tunable luminescence and straightfor-
ward [abrication, among others, make quantum dots attrac-
tive cmissive malerials for light-cmitling diode (LED)
applications. Generally, the quantum dots are placed between
layers of organic polymers that serve as charge-transport
media. Hybrid nanocrystal-organic LEDs of this type have
been [abricated uvsing Si-NCs. A typical device structure is
shown in Figure 15,

T

Electron transport layer

Si-NCs

Hole transport layer

Hole injection layer
ITO (anode)

Glass

Figure 15. Typical device architecture of a hybrid Si-NC organic LED.

Cheng ctal. reported infrared clectreluminescence at
868 nm from a hybrid Si-NClorganic LED with an external
quantum efficiency of 0.6 % . The $i-NCs were prepared by
decomposition of silane gas using non-thermal plasma and
were functionalized with dodecyl groups. The researchers
obscrved a direet correlation between emissive-layer (i.c. the
Si-NC layer) thickness and external quantum cfficiencies of
the device. The same research group later reported hybrid
NC/organic LEDs consisting of 3 and 5 nm dodecyl function-
alized Si-NCs thal showed external quantum efliciencies up to
8.6 %.1" They attributed the increase in the efficiencies to an
increase in the cnergy gap of hole- and clectron-transport
layers that provided better confinement of both charge
carriers and excitons in the NC emissive layer.

Similarly, Maier-Flaig et al. reported red/orange electro-
luminescence [rom hybrid Si-NC/organic LEDs consisting of
allylbenzene-functionalized Si-NCs up to maximum cxternal
quantum cfficiencies of 1.1%; they propose that Si-NC size
polydispersity leads to rapid degradatien of the LEDs causing
short circuits™ They also observed inhomogencous emis-
sions across the device that were reasonably attributed to
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Figure 16. a) Electroluminescence intensity of polydisperse and size-
separated Si-NCs over time at a constant current of 1.6 mAcm 2 and
b) photographs of hybrid Si-NC/organic LEDs showing red and crange
electreluminescence. Reproduced and adapted with permission from
the American Chemical Society.®"

impuritics and delects arising [rom particles of various sizes.
Upon purification of Si-NCs using size-scleclive precipitation,
the rescarchers fabricated brighter, more stable (Figure 16a)
and homogeneously emissive devices (Figure 16b).

Ghosh et al. reported white-light emission frem hybrid Si-
NC/organic LEDs by combining emission from Si-NCs and
a luminescent polymer in the device active layer!™ The
rescarchers combined the red cmission (rom  octadecyl
functionalized Si-NCs and blue-green emission from poly-
TPD to vield white light (Figure 17) with external quantum
elficieneics ranging [tom 0.033-0.36%.

Lin et al. recently demonstrated the labrication of Si-NC-
based photodiodes!™ Thin films of allyl disulfide functional-
ized Si-NCs showed enhanced conductivity compared to
alkyl-functionalized particles. They proposed the lone-pair
clectrons on the disullide structural unit (acilitated the charge
transport process. Photodiodes were fabricated trom the Si-
NC ink by spin coating on ITO glass. An electron-blocking
layer (PEDOT:PSS) was added between the ITO and Si-NC
layers to improve the charge separation in the device
(Figure 18a). The device showed UV responsivity (Fig-
urc 18b) with a peak photoresponse of 0.02 AW™, thus
making it applicable for UV detection.

The same research group also showed that 8i nano-
particles can aid in hydrogen generation from water in the
absence ol any external stimulants (c.g., light, heat, or
clectricity). Si nanoparticles (ca. 10 nm) gencrated hydrogen
eas at an accelerated rate by splitting water:® the rate was
found to be 1000 times faster than bulk Si, 150 times that of
100 nm Si particles, and six times faster than metal formula-
tions, thus making it a potential material for hydrogen

www.angewandte.org
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Figure 17. a) Electroluminescence spectra with and without the Si-NCs
at various thicknesses and b) CIE diagram showing the chromaticity
coordinates of various devices (inset: Photograph of a white LED).
Reproduced and adapted with permission from John Wiley and
Sons.®¥

generation. Peng et al. showed that Si-NCs prepared via the
high-energy ball milling process can be used to catalyze the
reduction ol carbon dioxide.”” Under illumination, Si-NCs
with no surface groups photochemically reduced CO, to
tormaldehyde. However, no reduction products were
observed with alkyl-passivated Si-NCs. El-Demellawi et al.
demonstrated that Si-NCs can catalyze the dehydrogenation
ol sccondary alcohols to yicld ketones and hydrogen.P™ The
reactions proceeded at room temperature, without energy
input. These observations are of great practical importance
because these solvents are routinely used to store and process
S1-NCs. Our group demonstrated, that chloride-lernunated
Si-NCs can catalyze the polymerization of hexylthiophene
Grignard reagents o form P3HT (Figure 19).7Y Chloride
terniination was achieved by reacting hydride terminated Si-
NCs with PCl; (Figure 5). Polymerization was achieved at
room temperature by addition of the Grignard reagent to the
chloride-terminated Si-NCs and is believed o proceed similar
to Lewis acid mediated polymerization reactions.
Nanostructured Si has gained a lot of attention as a high-
capacity anode material for Li-ion batteries. Si exhibits a low
working potential and high theoretical charge capacity
(4200 mAhg™), but suffers from structural damage during
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Figure 19. a) MALDI-TOF mass spectrum of P3HT obtained in the
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and emission (right) spectra of P3HT. Inset: P3HT in chleroform and
as a solid film under ambient light (left) and UV illumination (right).
Reproduced and adapted with permission from the American Chemical
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cycling due to large volume changes (up to 400 % ). 8i-NCs
decrease degradation issues because of their increased surface
to volume ratio. Kim etal. demonstrated that battery
performance s signilicantly influenced by Si-NC size™
They prepared 5, 10, and 20 nm Si-NCs by reduction of
SiCl, in the presence of different surfactants. While smaller
Si-NCs exhibited higher charge capacity {ca. 3000 mAhg™'
over 40 cycles) compared to larger particles (20 nm), they
sulfered from lower Coulombic clficiency and capacity
retention. However, this obstacle was addressed by encapsu-
lating the smaller Si-NCs within a carbon shell. The research-
ers concluded that the critical 5i-NC size for an efficient
batlery anodc-material was 10 nm. Si nanomalerials have
been combined with carbon composites 1o create hybrids that
can overcome common  Si-based shoricomings, such as
structural degradation, electrical isolation, and formation of
an unstable interface™ Among the carbon materials
employed, graphene is atlraclive because it can improve
carricr transporl and mitigalcs volume changes associaled
with Li ion uptake!” Recently, Ko et al. reported a hybrid
material consisting of 5-10 nm amorphous Si nanoparticles
and graphene for Li-ion batteries.”! The material exhibited
exquisite elastic properties during the volume change,
a capacily of up o 2858 mAhg ™, 92.5% Coulombic elfi-
ciency, and good cycling stability. Wang ct al. prepared a Si-
NC/carbon nanotube hybrid upon decomposition of silane gas
on vertically aligned carbon nanotubes (Scheme 11)." These
structures  exhibited  a  highly reversible capacity of
2000 mAhg™ over 25 cycles.

Xylene

Silane
o

Ferrocene

CNTs Growth Silicon Deposition

Scheme 11, Schematic of the formation of Si-NCjcarbon nanotube
hybrids for Li-ion battery application. Repreduced and adapted with
permission from the American Chemical Seciety.!

Liu ct al. designed a “volk-shell” type of Li-ion anode
material by introducing a void space between the Si nano-
particle and carbon layer."™ The void space compensates for
expansion ol the Si particle without the disruption of the
carbon shell or the interface. Such structures showed capacity
up 10 2833 mAhg . high cycle life (ca. 1000}, and Coulombic
efficiencies of 99.8%. Other reports on Si nanomaterials
based Li-ion battery anodes have been reviewed and are not
detailed here "™

5. Conclusions and Outlook

In this Review, we have outlined recent important
developments related to Si-NC surface chemistry and their
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influence on stability, solubility. mechanical, and optoelec-
tronic properties. While hydrosilylation has long been the “go
to” reaction for derivatizing Si-NC surfaces. new insights, such
as surlace-initiated oligomerization, slower reactivity ol
photochemical hydrosilylation, and borane-catalyzed hydro-
silylation, have recently been demonstrated. In addition, new
reactivity has emerged for Si hydride and Si halogen surfaces
that enable the attachment of ligands with versatile functional
groups and cnablc rcactions at Tower {emperaturcs. Si-NC/
polymer hybrid materials have also been prepared that show
synergistic properties, the processable pelymers allows the
materials to be formed into various morphologies. Polymer-
ization is carricd oul on the Si-NC surlacc using radical
initiators, RAFT, or surlacc-initiated group-transfer polymer-
ization methods. Incorporation of polymers onto Si-NC
surfaces further expands the field of accessible functional
materials. Tunable surface chemistry enables Si-NCs and the
hybrids to be [urther employed in diodes, sensors, catalysis,
bioimaging, and photovoltaics, among others.

Readily available. sustainable, and non-toxic, Si-NCs are
amenable to commercial-scale applications. While not as well-
known as their compound semiconductor counterparts, Si-
NCs offer a host ol exciling opportunitics [or both pure and
applied rescarch, While prool-of-concept devices highlighting
this promise have been fabricated, significant technical
advances are required before these materials can be com-
mercialized. Many questions remain unaddressed, including:
ITow to achieve completely oxide free Si-NC surfaces with
smaller ligands? How can LED external quantum clliciencics
be increased in $i-NC-based devices? What specific emitting
species and electronic transitions lead to surface-defect-based
emissions”? Silicon may be the “grand-old semiconductor”,
however, it is a relative newcomer to the field of quantum
dots and it offers numerous new opportunities to researchers
in many liclds,

Abbreviations

ATR-FTIR  atllcnuated total rellectance Fourier transler
infrared spectroscopy

a.u. arbitrary units

CIE International Commission on Hlumination
{Commission Intcrnationale de 1'Felairage)

DNT dinitrotoluene

ITO indium tin oxide

LED light-emitting diode

MALDI Malrix assisted laserdesorplion/fionization

MNT mononitrotoluene

NALDI nanostructure assisted laser desorption/ioni-
zation

NC nanocrystal

P3HT poly-3-hexyl thiophene

PEDOT:PSS poly{34-cthylenedioxythiophene)-poly(styre-
nesulfonate)

PETN Pentacrythritol tetranitrate

PL photoluminescence
Poly-TPD Poly(4-butylphenyl diphenylamine)
p-Si porous silicon
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PV photovoltaic

RAFT reversible addition ragment transfler poly-
merization

RDX 1,3,5-Trinitroperhydro-1,3,5-triazine

SI-GTP surface-initiated group-transfer polymeri-
zalion

Si silicon

TNT trinitrotoluene
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5. Conclusion and Outlook

Silicon Nanocrystal based hybrid materials gain increasing interests in applications, such as
drug delivery, sensing, catalysis or energy conversion. As “the” first step in the preparation of
hybrid materials, the understanding of surface grafting has a high priority in this rather young
field of science. Hence, the aim of this thesis is to study surface processes and to synthesize
promising materials for various applications.

A hybrid material consisted of silicon nanocrystals (SiNCs) and poly(diethyl vinylphosphonate)
(PDEVP) was prepared, which combined the features of both materials — the
photoluminescence of the SiNCs and the lower critical solution temperature effect of the
PDEVP. The water-soluble hybrid material could be precipitated from water through heating.
The stable SiNCs’ photoluminescence (PL) could be used to analyze the residence of the
material. This is a result of the preparation pathway, which integrated the SiNCs in a partially
hydrophobic poly(ethylene glycol dimethacrylate) (PEGDM) network, which was surrounded
by the water-soluble polymer. In a further study the ideal catalyst and monomer concentrations
were verified and the surface grafting of methyl methacrylate, dimethyl vinylphosphonate and
diisopropyl vinylphosphonates from ethylene glycol dimethacrylate decorated SiNC surfaces
was shown. Improvement of the present materials can be promising for simultaneous and target
oriented drug delivery for example in inflammations, which generally come along with
enhanced temperatures in infected body cells.

After these investigations, the attention was turned towards the understanding of the
azobisisobutyronitrile initiated hydrosilylation of olefins on hydride terminated surfaces. The
studies were performed using the in-situ infrared spectroscopy (IR) technique. Vinylsilanes
were used as model compounds for the evaluation of steric impacts. /n-situ IR in combination
with time resolved UV-VIS measurements clearly demonstrated that SINC agglomerates break
up during grafting. The whole grafting process was strictly dependent on the concentration of
radicals (e.g. initiator concentration or decomposition temperature); with low radical
concentrations chain processes were observed. Solution oligomerization plays an important role
for the initiation of the hydride terminated SiNC surfaces. Additionally, the process was
sensitive towards steric changes of the monomer. In contrast, no effect was observed if the
monomer concentration was varied. These studies are fundamental in understanding this cheap
and functional group tolerant SiNC hydrosilylation approach.

In the third part of this thesis, SINCs were covalently interconnected with silica aerogels
through triethoxyvinylsilane surface groups. Two approaches for the intercalation of SiNCs
were performed. If SINCs were directly added to the alcogel formation, SINCs were located in
the silica network and induced a stronger crosslinking. In contrast, if SINCs were washed in the
alcogel after the gelation process, they were located in the pores. In all cases, the alcogels were
reacted with trimethylsilyl chloride before supercritical drying resulting in superhydrophobic
properties. In addition, the superhydrophobic materials had very high porosities, surface areas
of ~ 1000 m*g and SiNC size dependent photoluminescence. The materials could be used for

130



5. Conclusion and Outlook

the accumulation of 3-nitrotoluene from a low concentrated solution in water, with
simultaneous elimination of the photoluminescence. This behavior indicates promising material
properties for the disposal or recovery of organic molecules (e.g. pollutants).
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6. Addendum: Oxasilacycles Leading to UV-Curable Polymers: Synthesis
and Application

6.1. Introduction and State of the Art

The use of UV coatings bears an enormous potential in saving energy, compared to thermally
cured coatings. Well known photocuring systems are based on radical reactions, arising from
the photosensitive activation of benzophenone and its derivatives or on UV curable epoxy
lacquers.[?72%8] Photoacid generators can be applied as alternatives to the well-established
procedures. From the excitation with UV light, they generate Bronstedt acids, which can be
exploited for the hydrolysis of Si-O-R bonds. In the present systems, Si-O-R bonds are the
binding structure in oxasilacycles. The demonstrated molecules give new chances for the
crosslinking of polymers without the release of volatile organic compounds (VOC; Scheme 39).

—1Si—0rS OFSi—0r— ~ .0‘51/ /,( —t-S O+~
] N/ ‘O‘H ~ n
n 2 m \Ds’eo\ ) ] / R
L ’
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Scheme 39. Overview of applications of oxasilacycles in polymer chemistry.?*?l Reproduced and adapted with permission from
reference 300. Copyright 2014 American Chemical Society.

Hydrosilylation with #ris(pentafluorophenyl borane)

A crucial step in the preparation of oxasilacycles is the hydrosilylation with
tris(pentafluorophenyl borane) (BCF). It acts as a mild and homogeneous hydrosilylation
catalyst, which allows the reaction of aryl- and alkyl substituted olefins with highly substituted
silanes.?"! Thus, BCF is the best catalyst for the preparation of oxasilacycles. Gevorgyan et al.
elucidated the mechanism of BCF hydrosilylation reactions (Scheme 40). The formation of the
ate-complex in the first equilibrium reaction is crucial for the process. The subsequent
nucleophilic attack of the olefin at the silicon cation is the rate determining step of the reaction
leading to the formation of a 1-trialkylsilyl-2-alkylium ion. Fast proton transfer leads to the
regeneration of the Lewis acid.
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Scheme 40. BCF catalyzed hydrosilylation reaction according to Gevorgyan et al.l?%%

Shchepin et al. published, that besides the bimolecular reactions, BCF is well suitable for the
intramolecular hydrosilylation.[**] By a variation of the molecule sizes of the terminal olefins,
they could selectively synthesize endo-5 and endo-6 membered rings, which are the binding
motives of oxasilacycles. However, several side reactions need to be excluded during
intramolecular hydrosilylations. Alkylhydroxysilanes react with alkylhydrosilanes to
(poly)siloxanes in the presence of BCF.[29%301 Fyrthermore, metathesis reactions can occur or
trace water can coordinate to the boron center reducing the rate of the hydrosilylation
reaction.?%%!

Synthesis and reactions of polysiloxanes

300°C ;
Si + 2CH3Cl — (CH3),SiCly.,

[Cu]
Scheme 41. Preparation of methylchlorosilanes.3%]

In the synthesis of oxasilacycles, the linear precursor for the intramolecular hydrosilylation
reaction is obtained by the condensation of the reactive a-hydroxy-w-alkenes with a
chlorosilane (ClaHmSiR@-n-m)). Such silanes are prepared in the Miiller-Rochow process
(Scheme 41).5%3:3%1 In the process silicon is reacted with methyl chloride in the presence of a
copper catalyst and other metals (e.g., Ca, Mg, Zn), the so-called promoters. Mainly dimethyl
dichlorosilane is yielded from this reaction, but also other methylchlorosilanes are gained in
lower quantities. Methyl chloride can be prepared from the reaction of methanol with hydrogen
chloride. Phenylchlorosilanes are obtained from a comparable reaction of silicon with phenyl
chloride, albeit at elevated temperatures. The addition of hydrogen chloride to the reaction
forms hydrosilanes. In any case rectification/distillation is used to separate the fractions and to
obtain the purified silanes.?%3-3%4]
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Scheme 42. Preparation of oligomeric and cyclic siloxanes from dialkyldichlorosilanes: a) hydrolysis, b) methanolysis.

Most of the chlorosilanes are used for the generation of polysiloxanes. However, the linear
polysiloxanes are prepared in two stages. Hydrolysis-condensation or methanolysis-
condensation of dialkyldichlorosilanes are applied for the preparation of cyclic precursors or
oligomer species (Scheme 42). If water is used, hydroxy terminated, linear and cyclic
polysiloxanes are formed in 20 - 80 % yield (Scheme 42 a). 3933041 If the reaction is performed
under very diluted conditions, mainly cyclic products are obtained; eight membered rings (D4)
are formed as main and six- (D3) or ten membered rings (D5) as side products. In contrast, the
removal of hydrochloric acid from the equilibrium enhances the formation of linear oligomers.
The formed hydrochloric acid can be reused in the preparation of methyl chloride.

Methanolysis and condensation (Scheme 42 b) is very important in the technical preparation of
polydimethylsiloxanes, as the formed methyl chloride can be easily reused in the Miiller-
Rochow reaction. Diluted methanol is used as well in the WACKER- as in the BAYER
process.[?93% However, both approaches differ in the process parameters. In the WACKER
process, dimethyl dichlorosilane and methanol react in reverse flow at 100 °C in a packed
reactor. This procedure mostly forms linear oligomers with terminal OH-groups. In the BAYER
process, the reaction runs in a column in presence of zinc chloride, which results in cyclic
polysiloxanes (mainly D4).

R R
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HO-—Sli—O-—H + HO+Si—Ot+H ————— OH——Sli—O——H
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Scheme 43. Procedures for the preparation of high molecular polydimethylsiloxanes from oligomer and cyclic precursors: a)
ring opening polymerization, b) equilibrium reaction, c) polycondensation.39330

Various procedures are known to further polymerize the linear and cyclic oligomers

(Scheme 43). Some methods allow an intercalation of phenyl-, vinyl- or hydride terminated

monomers or oligomers into the chain.[3%3-304]
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One important approach for the synthesis of polydimethylsiloxanes is the anionic ring opening
polymerization (ROP) of D3, D4 and D5 cycles.?%! As polymerization initiators, nucleophilic
bases, such as alkaline silanolates, or alkaline organyls are used.**”) In the technical ROP
process, potassium hydroxide is often used for D4 cycles and lithium hydroxide for D3
cycles.?®! Another promising approach for the ROP of cyclic siloxanes is the use of cationic
starters, such as Lewis or Bronstedt acids. Examples are sulfuric acid, sulfonic acids or
triphenylmethyl #ris(pentafluorophenyl borane), which are used in combination with other
substances (e.g. silyltrifluoromethane sulfonates).’%] In addition to the ROP approach,
polydimethylsiloxanes could be synthesized by an acid- or base induced equilibrium
polymerization, in which both, linear and cyclic oligomers, were used as “monomers”
(Scheme 43 b).[2%3%] Linear and hydroxyl terminated polysiloxanes could furthermore be
polymerized by the application of PNCla. In an equilibrium reaction very high molecular weight
polysiloxanes and distal OH functional groups were obtained (Scheme 43 c).[203:304]

Linear polydimethylsiloxanes are used in several applications (e.g., oils, lubricants, etc.). In
other uses like in packaging or sealing, chemical crosslinking of silicones via functional groups
is required. Crosslinking of polydimethylsiloxanes can be realized by a radical pathway via
vinylsiloxygroups, through hydrosilylation, or by hydrolysis and condensation.*%*

In the radical process, mainly aryl- or dialkyl peroxides are applied. They decompose at
elevated temperatures and form radicals.***! The radicals react with the present vinyl groups
and form propyl or butyl bridges. Crosslinking by hydrosilylation requires free Si-H groups and
free vinyl groups, as well as a Pt catalyst (vide supra). The reaction requires the exclusion of
air. The hydrolysis and condensation reaction involves hydrolysable/functional side or terminal
groups (e.g., Cl, alkoxy or acetoxy) and in most cases toxic tin catalysts are applied.**! Often
low molecular crosslinkers are required to adjust the properties of the final polymers. If
crosslinking occurs at room temperature, acetoxy functionalized polydimethylsiloxanes are
used.

Although the crosslinked polysiloxanes possess good properties, their manufacturing has
several drawbacks: Catalysts like Pt and Sn are often toxic and dangerous to health;
furthermore, they can be expensive. Water cured polysiloxanes cleave volatile organic
molecules (e.g., alcohols, acetic acid, hydrochloric acid), which can elicit health problems.
Thus, the crosslinking of polysiloxanes with VOC free and catalyst free systems became a
research target. Crosslinking via photo catalysis has already been described for several
applications.l**!

135



6. Addendum: Oxasilacycles Leading to UV-Curable Polymers: Synthesis and

Application
Photo acid generators:
a) b)
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Figure 28. Different photoacid generators: a) ionic,31%3 b) non-ionic.[31%313

One strategy for photo crosslinking uses photoacid generators (PAG), also known as
photoactive Bronstedt acids (Figure 28). Mainly triphenyl sulfonium or diphenyl iodonium
triflates or hexafluorophosphates are used as ionic PAGS (Figure 28 a),1*!3!!l and imido- as
well iminosulfonates are established as non-ionic or covalent PAGs (Figure 28 b).[312313]
Protons are generated upon irradiation with UV light.[310-314]

@QO —— O e

/\

R'=H, Ph, R
b) ,
+ hv —R
—_—
T e O T
R?=H, IR

Scheme 44. Decomposition pathways of triphenylsulfonium (a) and diphenyliodonium (b) PAGS.310311]

Dektar and Hacker irradiated triphenylsulfonium- and diphenyliodonium salts to determine
their reaction pathways (Scheme 44).21%3!1] The scientists obtained several aromatic species
and a Brenstedt acid (HX), which have formed through the abstraction of a proton by the
respective anion.*'%3!!l Thus, the authors could propose a decomposition mechanism
(Scheme 45): Homolytic or heterolytic cleavage of the Ph-S or Ph-I bond occurs during
excitation of the PAGs with UV light. Following the heterolytic pathway, diphenyl sulfide or
phenyl iodide are formed as side products. Additionally, phenyl cations form, which react with
the solvent and induce the release of a proton. Homolytic cleavage of the PAG (through a singlet
or a triplet state) results in the formation of phenyl radicals and either diphenyl sulfide or
iodbenzene radicals. The radicals recombine and elicit the release of a proton. Although
diphenyl iodonium salts preferably decompose through the homolytic and triphenylsulfonium
salts decompose through the heterolytic pathway, other factors like the used solvents, the
surrounding atmosphere and the addition of photosensitizers play important roles. /30311315
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Scheme 45. Photon initiated decomposition mechanism of diphenyliodonium (Y =1) and triphenylsulfonium salts
(Y = S-Ph).[310311]

Although ionic PAGS usually decompose faster and have improved quantum yields, in some
reactions, they cause inhomogeneity and diffusion effects as well as proton exchange reactions,
which reduced the rates of the target reactions.[*!23133163191 Often, the excitation of the PAGs
was hindered by the reaction mixture. For this reason photosensitizers were added to improve
the reactivities®'*2%1 and non-ionic PAGs are often used. These molecules could be attached

to molecules and polymers by a variety of reactions.[*?!]
1 0
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Scheme 46. Decomposition pathways of non-ionic PAGs (e.g. iminosulfonates).[?%8312313.316-318,322,323]

Imino- or imidosulfonate based PAGs decompose homolytically upon excitation with UV light
(Scheme 46). The sulfonic acid forms by the reaction of the sulfonate radical with a hydrogen
atom from the surrounding. The imino- or imido units form ketones with oxygen or water and
dimerize under inert gas [295312313.316-318322,323]

6.2. Aim of the Study

VOCs are often used in or released during the preparation of silicon based polymers.
Polymerization and curing processes often require catalysts, which can cause risk to human

137



6. Addendum: Oxasilacycles Leading to UV-Curable Polymers: Synthesis and
Application

health and the environment. Hence, the development of VOC and heavy metal free reactants
and crosslinkers is a hot topic in polymer research. In this context, the aim of this study was the
development of novel molecular structures for the crosslinking of different types of polymers.
As such oxasilacycles should be synthesized, which were expected to selectively perform a ring
opening reaction in the presence of acids and water. The molecules were homopolymerized and
were used for the crosslinking of polymers bearing OH moieties. To control the reactivity,
special attention should be paid to the use of photo acid generators.
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6.3. Summary

Oxasilacycles are promising molecules for the emission free crosslinking of a variety of
polymers. The oxasilacycles 2,2,8,8-tetramethyl-1,7-dioxa-6-silaspiro[5.5]undecane, 2-
isopropoxy-2,6,6-trimethyl-1,2-oxasilinane and 2,2,6,6-tetramethyl-1,2-oxasilinane were
synthesized in two or three step procedures: First condensation of 2-methylpent-4-en-2-ol with
a chlorohydrosilane was performed in the presence of methyl imidazole previous to the
intramolecular BCF catalyzed hydrosilylation of the terminal olefin with the free Si-H group.
For the preparation of 2-isopropoxy-2,6,6-trimethyl-1,2-oxasilinane an additional condensation
step of the remaining Si-Cl group with isopropanol was required.

To monitor the reactivity of oxasilacycles with a photoacid generator (triphenylsulfonium
triflate - TST, diphenyliodonium hexafluorophosphate - DHP, diphenyliodonium
triflate - DIT) irradiation (200 — 300 nm), in-situ IR studies were conducted. To do so, the ring
opening rates of the model system 2,2,6,6-tetramethyl-1,2-oxasilinane were monitored by
tracking the intensity of the C-O band at 845 cm™. The rates decreased in the row:
DHP > TST > DIT. 3 mol % of DHP (of the oxasilacycle amount) was obtained to be most
efficient concentration; increasing PAG concentrations did not increase the ring opening rates.
Similar reactivity was observed when 2,2,8,8-tetramethyl-1,7-dioxa-6-silaspiro[5.5]Jundecane
was used, but oligomers or polymers were obtained instead of dimers.

Based on the kinetic studies, the molecules were prototyped in chain elongation or crosslinking
of different polymers. First, poly(styrene-co-hydroxyethyl methacrylate)
(Mw = 140.000 g/mol) was crosslinked by addition of 10 wt% of 2,2,8,8-tetramethyl-1,7-dioxa-
6-silaspiro[5.5]undecane and TST within 2 h. The crosslinked polymer contained a significant
amount of Si, was not soluble in any solvents and became thermally more stable than its non-
crosslinked counterpart.

In a second approach 2-isopropoxy-2,6,6-trimethyl-1,2-oxasilinane was attached to
HO-terminated polydimethylsiloxane via hydrolysis of the isopropoxysilyl group and
subsequent condensation. In the second step photopolymerization of the telechelic polymer was
performed using TST. The obtained polymer had a molecular weight of about 210.000 g/mol
and a polydispersity of 1.2. Although the demonstrated telechelic structure showed
unprecedented reactivity, the reaction had to be performed in solution, as PAG had to be solved
prior to the reaction. Hence, the direct connection of a non-ionic PAG, namely N-hydroxy-5-
norbornene-2,3-dicarboximide perfluoro-1-butanesulfonate (HNDPB) to ((15%—18%
methylhydrosiloxane)—dimethylsiloxane copolymer) (PDMS-H) by hydrosilylation with a Pt
catalyst was performed in the first stage. In the second step, the reaction of the Si-H groups
with water formed Si-OH moieties, which could be readily connected with 2-isopropoxy-2,6,6-
trimethyl-1,2-oxasilinane via condensation. The polymer was afterwards crosslinked by UV
irradiation and had a gel-content (solid content after refluxing in THF) of 71 %.
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ABSTRACT: Many applications of polymeric materials desire
and in certain instances require various functions in one family
of polymeric architectures. In this work, synthetic routes and
methods to obtain novel oxasilacycles and their use in polymer
chemistry as both monomer and cross-linking agents are
presented. Photoacid generators are used for the acid-catalyzed
ring-opening polymerization of the synthesized oxasilacycles
allowing photoinitiated and controlled polymerizations. The
polymerization behavior and influence of different photoacids
as well as the influence of catalyst loading are examined using
i situ TR spectroscopy. The synthesized cyclic structures offer
a broad variety in polymer chemistry. Oxasilaspirocycles can

| R il R
—tsi—oHsi—oHsi—ol- _ Mb s
I | f .
N n = R

|1
2" m

chain elongation

one pot systems

(ts

photoacid generator / UV-light
no volatile organic compounds

R = alkeny! side chain

cither homopolymerize or function as a cross-linking reactant in organic polymers. A polystyrene—hydroxyethyl methacrylate
copolymer is cross-linked via polycondensation reactions of the oxasilaspirocycle. An isopropoxy-substituted oxasilamonocycle is
synthesized for the modification of hydroxyl-terminated polydimethylsiloxanes for photoacid-initiated polymerizable telechelic
structures. Additionally, the synthesis of multifunctional oligomers containing the photoacid generator unit and the cross-linking
agent leads to highly cross-linked polydimethylsiloxane-based structures. In this system it is possible to predefine the gel content
as well as the viscosity of the cross-linked polydimethylsiloxane after irradiation by the ratio of oxasilacycle to

polydimethylsiloxane.

B INTRODUCTION

Rational design of polysiloxane-based materials offers the
possibility of combining numerous properties, including low
temperature flexibility, high thermal stability, biocompatibility,
hydrophobicity, and resistance to oxidation into one versatile
System.l In this regard, the preparation of novel monomers for
the synthesis of polysiloxanes is of particular interest.* Oxasila-
cycles are promising candidates for the formation of new
materials as well as their application as cross-linking agents for
polysiloxanes and organic polymers.” A common approach for
preparing oxasilacycles is intramolecular hydrosilylation using
Karstedt's (ie., Pt,(dvs););) or Speier’s catalyst (ie., H,PtClg in
isolzm‘qaarm])_4 These metal-mediated procedures alford high
catalyst turnover numbers; however, the endo/exoselectivity can
be poor.™ Metalloid catalysts (e.g, trispentafluorophenylbor-
ane) offer an alternative hydrosilylation route for obtaining
oxasilacycles that provides improved synthetic selectivity.®” As a
result, metalloid-mediated reactions are preferable for the
preparation of new monomers and cross-linking agents.

The most widely recognized example of oxasilacycle ring-
opening polymerization is the reaction of hexamethylcyclotrisi-
loxane (D3) catalyzed by triflic acid.¥ Many studies have also

<7 ACS Publications 2014 American Chemical Society
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investigated the polymerization and equilibration of octame-
thyleyclotetrasiloxane (D4).° Most cationic pelymerizations of
D4 are catalyzed by strong protic (e.g., concentrated sulfuric acid
and trifluoromethanesulfonic acid) or by Lewis acids.'®

Yet another route toward polymerizing oxasilacycles is
exploiting photoacid generators (PAG). These reactions provide
the added benefit of light induced initiation and short
polymerization times. Photoacids such as diphenyliodonium
hexafluorophosphate (DHP), triphenylsulfonium triflate (TST),
and diphenyliodonium triflate (DIT) have been widely
employed in photoinitiated polymerizations, cross-linking of
polymers and oligomers, and transformation of functional groups
on polymer chains.'’ Photoacids are also utilized in the
photoinitiated cationic polymerization of epoxy monomers and
vinyl ethers.!’* In this contribution we elaborate upon a
convenient method for preparing oxasilacycles of controlled
structure developed in our [aboratory and discuss a detailed study
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of their ring-opening reactivity in the presence of a variety of
PAGs.

For oxasilacycles to be useful, a precisely defined structural
moiety must be introduced. This defined structure facilitates
reactivity under appropriate UV-initiated polymerization con-
ditions as well as selective cleavage of carbon—oxygen bonds. A
tertiary alkexy functional group bonded to the silicon atom is a
well-known binding motif used to induce this desired reactivity
and is appropriate for photoacid generator catalyzed conditions
(Figure 1a).™ In addition, a well-defined ring structure offers the

a)
R
R
R’SI‘O><’R1
b) J\
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Figure 1. (a) Tertiary binding moietics as useful binding motif for cross-
linking reactions R, I = organic groups. (b) Oxasilacycle architectures
with the binding motif described in (a).

benefit of an additional degree of control in subsequent
polymerization reactions and eliminates known challenges
associated with production of volatile organic byproducts like
isobutene. In this regard, we turned our attention to syntheses,
kinetic investigations, and applications of oxasilacycles (Figure
1b) which offer straightforward polymerization and cross-linking
as well as a synthetic approach to preparing tailored
polysﬂ(manes.Il In general, we planned to investigate 2,2,6,6-
tetramethyl-1,2-oxasilinane (1) as model substrate for kinetic
studies and intended to develop 2-isopropoxy-2,6,6-trimethyl-
1,2-oxasilinane (2), 2,2,8,8-tetramethyl-1,7-dioxa-6-
silaspiro[5.5Jundecane (3), and 2,2,9,9-tetramethyl-1,8-dioxa-
7-silaspiro[ 6.6 ]tridecane (4) as efficient substrates for the use in
polymer and polysiloxane chemistry.

B RESULTS AND DISCUSSION

Synthesis of the Oxasilacycles. To obtain the oxasilacycles
1 and 2, first, a nucleophilic substitution at chlorosilane
derivatives by tertiary alcohols (5) was performed to give the
correspending alkoxysilane (Scheme 1a). In order to obtain
oxasilacycle 2 with two differing hydrolyzable groups, the
chloresilane derivative was substituted with isopropanol,

Applying a thicl catalyst, Cai and Roberts were able to receive
derivatives of 1 in an intramolecular hydrosilylation reaction
before.'* However, the used catalyst preferably provides the 5-
exo species. Additionally for Pt° catalysts the selectivity of the
intramolecular hydrosilylation is low.*™ Therefore, we used
trispentafluorophenylborane (B(CF,);)-catalyzed intramolecu-
Tar hydrosilylation to obtain the target oxasilacycles.

1 could be obtained in 61% vield after hydrosilylation.
Although dimers are expected as final reaction products,
investigations of the reactivity of 1 toward PAGs under UV
irradiation provide valuable insight into the photoacid-catalyzed
ring-opening process, However, 1 is not suitable for the buildup
of polymeric structures or cross-linking reactions. Thus, we
worked on the preparation of multifunctional oxasilacycles. One
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Scheme 1. Synthetic Routes for 2,2,6,6-Tetramethyl-1,2-
oxasilinane (1) and 2-Tsopropoxy-2,6,6-trimethyl-1,2-
oxasilinane (2)®
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f\XOH i -1~ Melm-HCl /\Xofs‘-x
{5) (6) X = Me:
7)x=al
b)
H H
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(6)R = Me
(8) R =0iPr

)R =Me
(2)R = OiPr

“(a) Addition of 2-methylpent-4-en-2-ol (5) to dimethylchlorosilane
or methyldichlorosilane to obtain dimethyl({2-methylpent-4-en-2-
ylJoxy)silane {6} or chloro{methyl}{(2-methylpent-4-en-2-yl)oxy)-
silane (7) using 1-methylimidazole (1-MeIm) as base. (b) Addition
of isopropanol to 7 to obtain isopropoxy(methyl)((2-methylpent-4-
en-2-yl)oxy)silane (8). (c} Hydrosilylation of 6 or 8 yields in 2,2,6,6-
tetramethyl-1,2-oxasilinane (1) or 2-isopropoxy-2,6,6-trimethyl-1,2-
oxasilinane (2).

approach was the synthesis of 2-isopropoxy-2,6,6-trimetliyl-1,2-
oxasilinane (2) featured with two Si—O bonding motifs differing
in reactivities (Scheme 1). The three-step synthesis affords the
desired product in 76% yield after hydrosilylation. To build up
polymeric structures and to cross-link organic polymers bearing
OH groups, 3 and 4 offer valuable silanol groups after hydrolysis
under acidic conditions. The synthetical procedure to obtain 3
and 4 is similar to the formation of 1 and has been described
earlier by our group (Scheme S1).42

1 and 3 offer valuable stability against moisture and short-term
stability toward water. Therefore, these compounds are readily
suitable for polymer applications under acidic conditions. While
the Si—0—C bond in the cyclic structure of 4 has been found to
stay stable for several days, the isopropoxy moiety was cleaved
easily. Therefore, this molecule could be used for direct binding
to polysiloxanes with silanole groups. 4 straightly tends to
hydrolyze and polymerize under ambient conditions. PAG-
induced polymerization is too fast to monitor the reaction
kinetics by in situ Fourier-transfer infrared spectroscopy (FT-IR).
Therefore, no further investigations regarding 4 were excecuted.

PAG-Initiated Reactions of Oxasilacycles. To investigate
the reaction of oxasilacycles and optimize the polycondensation

9 o z
18P, @—s® 0,5CF; 19,50F,

>

DHP TsST DIT

Figure 2. Photoacid generators (PAGs) used for time-resolved ring-
opening studies of 1 and 3.
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reaction conditions, i situ FT-IR studies monitoring the
disappearance of the C—0 bond (i, 1 at 845 cm™ and 3 at
998 cm™') were performed for a series of PAGs, ie,
diphenyliodonium hexafluorophesphate {DHP), triphenylsulfo-
nium triflate (TST), and diphenyliodonium triflate (DIT). For
simplicity, all kinetic investigations were performed with 1
(Scheme 2) and 3 (Scheme 3). 1 has been synthesized as model

Scheme 2. Proposed Mechanism for the Ring-Opening
Reaction of 1

|

| PAG/H' | Si'\OH J\H
Si” [H:Olhv SiT_H ) N O

[X _— —_— — Si—

Oy

(1P)

Scheme 3. Photoacid Generator {(PAG) Induced Reactions

with 3'*
Si\
N

(3F)

PAG
[HO)hv

o
S
Q

@)

compound for oxasilacycles with one reactive group after ring-
opening, One silanol group mainly allowed the formation of
dimeric product (1P), which could be cenfirmed by gas
chromatography coupled with mass spectroscopy (GC-MS). 2
is an interesting molecule for the attachment to polymeric O—H
groups. Since 2 has two leaving groups with different reactivities,
the kinetics of 1 were used as basis for the reactivity of the cyclic
$i—0—C bond.

Additionally, the reactivity of 3 was monitored to estimate the
behavior of an oxasilaspirocycle bearing two equivalent $i—0—C
moieties. This molecule has been shown as efficient cross-linker
in micellation and polymer chemistry*'> Further potential
applications, like chain elongation of OH-terminated polysilox-
anes, cross-linking of organic polymers, and a polysiloxane
bearing PAG and oxasilacycle groups, are provided within this
article, Therefore, kinetic investigations are of high interest,

To identify the most appropriate PAG for initiating the desired
reactions of the present oxasilacycles, photoinduced reactions
were performed at a PAG concentration of 3 mol % and
irradiation at 200—300 nm {note: 4,,,. = TST, 235 nm; DIT, 230
nm; DHP, 230 nm) and monitored using in situ FTIR (998
cm™'). The ring-opening reactions of 1 and 3 proceed fastest
with DHP, followed by DIT and finally TST (Figure 3A). This
trend is due to the relative strengths of the acids produced by the
PAG. Upon irradiation TST and DIT generate sulfonic acid (pK,
= —3.21) and DHP vyields hexafluorophosphoric acid (pK, =
—10). Furthermore, DHP exhibits a better solubility in
dichloromethane, making it more accessible for the reaction,
Therefore, we chose DHP as the PAG of cheoice for the
investigation of the concentration dependencies.
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Figure 3. (A) In situ IR absorption of the C—Q bond of 3 (998 cm™)
catalyzed by PAG (DHP (3 mol %; black squares), TST (3 mol %; red
cycles), and DIT (3 mol %; blue triangle)) upon irradiation with 200—
300 nm light, (B) In situ TR monitoring of the DIIP concentration
dependence of the reaction of 1 ({3 mol % (blue triangle), 4.5 mol %
(red circles), 6 mol % (black square); C—O band at 845 cm™) upen
200—300 nm irradiation.

The optimal DHP concentration for reactions with 1 and 3
was determined by a kinetic study using time-resolved in situ
FTIR (Figure 38). As expected from bond dissociation energies
(ie, C—0 = 340 kJ/mol; $i—0 = 444 kJ/mol),"" selective
cleavage of the C—O bond was observed as evidenced by the
decrease of the IR absorption at 845 cm™" (1), while the intensity
of the S§i—0 band did not change.

The time required for C—O bond cleavage to reach
completion was found to depend upon PAG concentration
(i.e, 3 mol % DHP, 25 min; 4.5 mol %; DHP, 22 min; 6 mol %
DHP, 35 min). With a DHP concentration of 6 mol % longer
reaction times were required, contrary to the expected lincar
dependence of reaction rate on catalyst concentration of a first-
order kinetic process. The observed reaction rate dependence
arises from a limitation in the condensation reaction because
bond formation rates are similar to that of the bond cleavage
(Figures §1—83). In this context, the decrease of reaction rate
with higher catalyst concentrations must arise from a bottleneck
in PAG activation. The present observations are analogous to
those reported for photoinduced living graft polymerizations,*®
and a so-called “inner filter effect” likely plays an important role.
This effect occurs because high concentrations of absorbing
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molecules impact {i.e., lower) the intensity of the excitation light
throughout the reaction mixture. As a result, only a small
percentage of the irradiation actually reaches the photoacid
generator leading to longer reaction times.'®

Because photoreactions of 1 are limited to the formation of
dimer 1P, we now turn our discussion to the photoinduced PAG
catalyzed polymerization of 3. These homopolymetizations are
cxpected to vield alkenyl side chain substituted polysiloxanes.
Polymerization of 3 is conveniently followed by in situ FTIR
upon monitering the C—0 bond absorption at 998 cm™'. The
influence of PAG concentration on reaction rate is shown in
Figure 4. The polymerization reaction is slow compared to the
analogous dimerization of 1 to 1P. This difference in reactivity
arises because the oxasilaspirocycle polymerization requires
cleavage of two C—O bonds—in this context the catalyst loading
per functional group is effectively halved. A catalytic amount of
water must be added to the polymerization reaction to induce
initiation. Presumably, water facilitates formation of hydrogen-
bonded water complexes which contribute to proton transfer
from the nucleophile to the oxasilaspirocycle ring."” The reaction
speed increases substantially upon raising the catalyst concen-
tration from 3 to 4.5 mol %. Consistent with “inner filter effect”
noted above for 1, further increasing the PAG concentration to 6
mol 9% leads to a limitation in the activation of the PAG, and the
reaction speed decreases.

Although DHP was found to be the most efficient PAG for
C—0 bond cleavage and Si—O=S8i bond formation, we chose
TST for polymer cross-linking and chain elongation experiments
since the reaction times are not remarkably slower, and in earlier
studies we found higher degrees of polymerization using TST.”

Cross-Linking of Organic Polymers. To extend the utility
of the present oxasilacycles in polymer chemistry, we explored 3
as a potential cross-linking additive in organic polymers
preventing any byproducts such as volatile organic compounds,
A casy accessible copolymer from the radical polymerization of 1
equiv of styrene and 20 equiv of 2-(hydroxyethyl) methacrylate
(HEMA) initiated by 0.3 mol % dibenzoyl peroxide (BPO) was
prepared (Scheme S2). After precipitation from ethanol and
freeze-drying, the copolymer showed a M, of 140 00¢ g/mol
(PDI = 2.7) (GPC, DSC: Figures $33 and S$34). Following
isolation, the styrene—HEMA copolymer was cross-linked by
addition of 10 wt % (0.26 mmel) 3 in acetone and 10 mol %
(relative to 3) of TST followed by irradiation at 200—300 nm for
2 h (Scheme 4). The resulting precipitate was isolated by
filtration and dried in a vacuum, Consistent with cross-linking,
the resulting product is insoluble in common organic solvents
such as tetrahydrofuran, acetone, and trichlorobenzene,

The influence of the photocatalyzed cross-linking was
evaluated using differential scanning calorimetry (DSC).
Evaluation of the non-cross-linked polymer showed an
exothermic process at 160 °C during the first heating cycle
(Figure $34) that is readily attributed to polymer etherification.
In contrast, DSC evaluation of the siloxane cross-linked
copolymer inidicates that it is more thermally stable than its
non-cross-linked counterpart (Pigure $36), and the thermally
induced esterification no longer ovccurs. Further evidence of
covalent cross-linking (resulting from reaction with 3) was
obtained by Soxhlet extraction of the cross-linked polymer in
THEF. Even after extend extraction times up to 4 h no soluble
fraction was obtained, resulting in a gel content of 100%. To
further confirm the incorporation of the siloxane species into the
polymer, encrgy dispersive X-ray analysis (EDX) was performed,
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Scheme 4. Cross-Linking of Styrene-co-HEMA with 3
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and it showed silicon was uniformly distributed throughout the
sample (Figure $38).

Oxasilacycles and Their Application in Polydimethylsi-
loxane Chemistry. The present oxasilacycles also offer the
oppertunity to prepare umique telechelic polymers, These
polymers are generally used for chain extension and network
formation.'® The formation of UV-curable telechelic structures
via end-group functionalization with radical polymerizable
groups has been described.'?

Here, we demonstrate the capping of hydroxyl-terminated
polydimethylsiloxane (HO-PDMS) with 2 to afford novel
telechelic structures (Scheme 5). This reaction occurs readily

Scheme 5, Synthetic Route for the Telechelic
Polydimethylsiloxane and Photoinduced Chain Elongation
Using TST?

|
0,5107/ S“n‘l H
2 >|\J +HOT O
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2} HO-PDMS

n=~15
R
TST g.ro srots'ro‘é 10 Si°
* o |
@

R = alkenyl group; # = repeating units from HO-PDMS; m =
repeating units after polymerization with 2.

o olo\o
— - \

even at room temperature. It is important to remave any
isopropanol byproduct to shift the equilibrium in favor of the
target telechelic structure. MALDI-TOF analysis showed
quantitative conversion of 2 and HO-PDMS to the telechelic
structure (Figure $41). This could further be confirmed by 'H
NMR spectroscopy, where the signals of the cyclic moieties of 2
could be obtained, while there was no evidence of characteristic
signals from the isopropoxy moiety (Figure $39).
Polymerization of the oxasilacycle functionalized PDMS was
achieved upon irradiation of a solution of the telechelic structure
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Scheme 6. Synthetic Route To Obtain Bifunctional Silicone Polymers®
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Figure 4. 'H NMR spectra: (a} PDMS-H; (b) PDMS-H-g-HNDPB; (¢} PDMS-g-HNDPB-g-2.
and TST in dichleromethane for 2 h with UV light (200-300 Having demonstrated the chain extension of HO-PDMS via
nm). The resulting substituted polysiloxane structure is shown in PAG-catalyzed ring-opening of oxasilacycles, we aimed at cross-
Scheme 6. The molecular weight (A,) of the resulting linkable polymers, bearing pendant PAG and oxasilacycle
polysiloxane is 210000 g/mol with a PDI of 1.2 determined functionalities. The goal of this aspect of our study was to
via GPC relative to polystyrene standards. prepare an oligomer with homogeneously distributed function-
8501 x.d01.0rg10.1021/mas01857a | Macromofecutes 2014, 47, 84978505
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alities that allows effective UV-initiated cross-linking, It is
envisioned that such bifunctional polymers could be used for
the photoinduced formation of thin films and coatings without
addition of other compounds. Furthermore, these oligomers are
expected to offer substantial improvements in ease of handling
because reactions are only initiated upon light exposure.

In this context, we prepared a PDMS oligomer functionalized
with N-hydroxy-5-norbornene-2,3-dicarboximide perfluoro-1-
butanesulfonate {HNDPB) photoacid generator moieties and
the photopolymerizable oxasilacyde 2 as summarized in
Scheme 6. Hydrogen-substituted polydimethylsiloxane was
used ({15%—18% methylhydrosiloxane)—dimethylsiloxane co-
polymer) (PDMS-H) as a backbone and starting material.
Karstedt's catalyst (0.4 mol %) mediated hydrosilylation was
employed to graft the HNDPB onto the PDMS-H backbone
(Scheme 6). The hydrosilylation reaction is readily followed
using '"H NMR spectroscopy by monitoring the decrease of
hydride signal at 4.68 ppm of PDMS-H (Figure 3) and the
removal of PAG double bond (6.20 ppm, Figure $45).

To achieve a condensation reaction between PDMS-H-g-
HNDPB and 2, a stoichiometric amount of water {relative to the
residual hydride content) was added. This water is necessary for
the Pt-catalyzed conversion of the residual hydride function-
alities to hydroxyl groups and the hydrolysis of the isopropoxy
group of 2, thus yielding PDMS-g-HND I’B-g—?m20 Conveniently,
during this procedure the Karstedt’s catalyst decomposes to
colloidal Pt(0) which is removed via Celite filtration. Different
grafted PAG:2 ratios were investigated (ie, 1:9, 5:5,and 7.5:2.5).
In all cases, no residual hydride moieties on PDMS backbone are
detected at the sensitivity of NMR spectroscopy.

Upon irradiation the bifunctional polymers cross-linked
(rendering them insoluble). The gel content of the cross-linked
product was determined upon refluxing in THF and directly
correlates with the amount of cross-linker and photoacid
generator in the bifunctional oligomer/prepolymer (i.e, PAG:-
cross-linker, gel content weight; 1:9, 71%; 5.5, 43%; 7.5:2.5,
32%). These data indicate the lowest concentration of PAG (ie.,
the highest concentration of 2) yields the highest gel content.
Higher concentrations of 2 in the polymer lead to a slower
reaction rate due to the corresponding low concentration of
PAG; however, this structure leads to more cross-linking and
thus a higher amount of insoluble polysiloxane. Over the defined
ratio of HNDPB to 2, a broad range of metal, and VOC-free
silicones might find their way of application in the fleld of
photocurable polymers.

Hl CONCLUSIONS AND OUTLOOK

Since the past century, polymers are an important class of
materials with high impact to applications in daily life. Especially
cross-linking and chain elongation of polymers have improved
material properties and processability significantly. However,
such modifications often lead to the release of volatile organic
compounds (VOCs) and therefore provide health and environ-
mental risks. Therefore, our main goal was the development of
oxasilacycles as useful molecules for polymer altering without the
described disadvantages. We presented a detailed investigation of
the synthesis and photoreactivity of a new family of oxasilacycles
and applied these versatile molecules in polymer chemistry.
Synthetic approaches were developed to synthesize the
monofunctional molecule 2,2,6,6-tetramethyl-1,2-oxasilinane
(1) and bifunctional oxasilacycles, like 2-isopropoxy-2,6,6-
trimethyl-1,2-oxasilinane {2}, 2,2,8 8-tetramethyl-1,7-dioxa-6-
silaspiro[5.5Jundecane (3), and 2,2,9,9-tetramethyl-1,8-dioxa-

8502

7-silaspiro[6.6]tridecane (4). To obtain these molecules, the
main step was trispentafluorophenylborane-catalyzed intra-
molecular hydrosilylation.

In situ IR spectroscopic studies of the ring-opening reactions of
compounds 1 and 3 showed higher catalytic activities of
diphenyliodonium hexafluorophosphate compared to tripheny-
sulfonium triflate and diphenyliodonium triflate. This can be
explained by a better solubility of diphenyliodonium hexafluor-
ophosphate in dichloromethane. Diphenyliodonium hexafluor-
phosphate showed a limitation of the ring-opening speed in the
case of 1 and 3 by a catalyst loading of 6 mol % and higher. This
limitation relates to the full absorption of light in the solution
resulting in a limitation of the acid generation {“inner filter
effect”).

The use of compounds 2 and 3 in the synthesis of polymers
free of volatile organic compounds were investigated. Irradiation
of a copolymer of hydroxyethyl(methyl acrylate) and styrene
using triphenylsulfonium triflate as PAG and 3 lead to a
covalently cross-linked polymer, with better thermal stability
than non-cross-linked copolymer.

2 has been used for the synthesis of telechelic structures
bearing oxasilacycles as end groups in quantitative yield which
have been chain extended to linear polydimethylsiloxanes with a
remarkable higher molecular mass by means of photoacids.
Oxasilacycle 2 has also been used for the synthesis of a
multifunctional polymer bearing pendant oxasilacycles as cross-
linker and N-hydroxy-5-norbornene-2,3-dicarboximide per-
fluoro-1-butanesulfonate as photoacid generator grafted on the
oligosiloxane chain. Via the ratio of the photoacid generator to 2
the amount of cross-linking points and speed could be tailored.
The irradiation of the multifunctional oligomer showed that the
gel content directly correlates to the amount of cross-linker in the
bifunctional oligomer. For the ratios of PAG to 2—1/9, §/5, and
7.5/2.5—a gel content (residue weight) of 71%, 43%, and 32%
has been obtained, respectively.

Bl EXPERIMENTAL SECTION

All chemicals were purchased from commereial sources and were used as
received. Diethyl ether, dichloromethane, and pentane were dried and
purified directly before their usage by a solvent purification system
(MBRAUN S$PS-800). All syntheses were performed under inert and
dry conditions. 1-Methylimidazole was dried by distillation over sodium
and stored over molecular sieve (3 A). Infrared spectra were recorded on
a ReactIR 45m of Mettler-Toledo, and the UV irradiation was executed
with a MAX-302 of ASAHI SPECTRA. Nuclear magnetic resonance
spectra were recorded on a Bruker Avance 500 UltraShield (500 MHz)
and an Avance 300 (300 MHz). They were recorded in ppm, and the
solvent was used as an internal standard (CDCly) at 7.24 ppm for "H and
at 77.0 ppm for "*C. The coupling constants J are given in hertz, and the
multiplicities were abbreviated as follows: s = singlet, d = duplet, m =
multiplet. Mass spectra were recorded on a Thermo Scientific DFS
(electron impact, EL, 70 eV). MALDL-ToF MS measurements were
performed on a Bruker Ultraflex ToF/ToF mass spectrometer with an
acetone/cinnamic acid matrix. Differential scanning calorimetry was
performed on a TA Instruments DSC Q 2000 with a heating rate of 10
K/min. The molecular weights were determined with a Varian PL-GPC-
50 at 3§ °C with the eluent THF (1 mL/min). EDX spectra were
obtained using a SwiftED-TM EDX unit (Oxford Instruments) attached
to a Hitachi TM-1000 tabletop microscope. 2-Methylpent-4-en-2-ol (5)
and tris(pentafluorophenyl)borane were prepared according to
literature methods.?!
Dimethy|((2-methylpent-4-en-2-y)oxy)silane (6). In a Schlenk
two-necked flask with dropping fannel and reflux condenser 14.2 g (150
mmol, 1 equiv) of dimethylchlorosilane was dissolved in 500 mL of
diethyl ether {cooled in an ice bath) at 0 °C. The dropping funnel was
charged with 15.00 g {150 mmol, 1 equiv) of 2-methylpent-4-en-2-o0l {5)
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and 12.3 g {150 mmol, 1 equiv) of l-methylimidazole. The contents
were added dropwise over 30 min. The reaction mixture was allowed to
warm to room temperature and stirred for a further 6 h. The resulting
methylimidazole hydrochloride was removed by filtration through a
Schlenk frit, and the solvent was removed under reduced pressure (200
mbar). After distillation in vacuum {50 mbar, 30 °C), 13.3 g of the liquid
product was obtained (84 mmol, 569). "H NMR (500 MHz, CDCl,,
296 K): & [ppm]: 5.90—5.79 (m, 1H), 5.09—4.99 (m, 2H), 479—4.71
(m, 1H), 2.24 (d,] = 7.3 Hz, 2H), 1.23 (s, 61, 0.18 (d, ] = 2.9 Hz, 6H)
13C NMR (126 MHz, CDCl, 300 K): 8 [ppm] = 1352 (s), 117.3 (s),
74.1 (s),48.9 (s), 29.2 (s), 0.9 (s). ’$i NMR (99 MHz, CDCly) [ppm]:
—7.7. HRMS {C;H,,0Si): caled: 158.1127; found: 157.1038.

2,2,6,6-Tetramethyl-1,2-oxasilinane (1). 743 mg (1.45 mmol, 2.5
mol %) of B{CF), was added to a solution of 9.21 g (58.2 mmol) of
dimethyl((2-methylpent-4-en-2-yl)oxy)silane (6) in 200 mL of
methylene chloride (DCM) and was stirred for 20 h. The solvent was
afterward removed under reduced pressure {150 mbar), and the product
was purified by condensation in a vacuum. $.66 g of 2,2,6,6-tetramethyl-
1-oxa-2-silacyclohexane (35.7 mmol, 61%) was obtained as a colorless
liquid. "H NMR (500 MHz, CDCL) & [ppm]: 1.84—1.77 (m, 2H),
1.51—1.48 (m, 2H), 1.23 (5, 6H), 0.6L—0.55 (t, 5 = 0.4 Hz, 2H), 0.12 (s,
6H). *C NMR (126 MHz, CDCL) 8 [ppm]: 73.5 (s), 41.1 {s), 30.8 (s),
179 (s), 12.8 (s), L.5 (s). PSi NMR (99 MHz, CDCL) & [ppm]: 1047.
MS (EI), m/z (%): 143.14 (95) [(M — CH,)"]. HRMS (C,H,;0Si):
caled: 158.1127; found: 158.1121.

Chloro(methyl)((2-methylpent-4-en-2-yl)oxy)silane (7). In a
three-necked Schlenk flask with dropping funnel and reflux condenser,
8.63 g (75 mmol, L5 equiv) of methyldichlorosilane was dissolved in
500 mL of dry pentane. Under rapid stirring at —20 °C a mixture of 5.01
g {50 mmol, 1 equiv) of 2-methylpent-4-en-2-ol (§) and 4.11 g (50
mmol, 1 equiv) of 1-methylimidazole were dropped in the beforehand
prepared solution within 45 min and stirred for 1 h. The suspension was
allowed to warm to room temperature, and the resulting methyl
imidazole hydrochloride was then filtrated with a Schlenk frit. The
solvent was removed under reduced pressure (200 mbar). After
fractionated condensation in a vacuum {12 mbar, 60 °C oil bath
temperature) 4.02 g (22.5 mmol, 45%) of chloro{methyl)((2-
methylpent-4-en-2-yl)oxy)silane was obtained as a colorless liquid. "H
NMR (300 MHz, CDCL,) & [ppm]: 5.92—5.76 (m, 1H), 5.30 (q,J = 1.9
Hz, 1H), 5.12—5.01 (m, 2H), 2.30 (d, = 74 Hz, 2H), 1.33 (s, 6H), 0.51
(d, J = 2.0 Hz, 3H). BC NMR (126 MHz, CDCl,) § [ppm]: 1344,
118.0,77.2, 48.6, 29.2, 28.9, 3.0. *Si NMR (99 MHz, CDCL;) & [ppm]:
—15.0.

Isopropoxy(methy}((2-methylpent-4-en-2-yl)oxy)silane (8).
In three-necked Schlenk flask with dropping funnel and reflux condenser
4.13 g (23.1 mmol, 1 equiv) of chloro{methyl){(2-methylpent-4-en-2-
yloxy)silane (7) was dissolved in 300 mL of dry pentane. Afterward, a
mixture of 1.52 g (18.5 mmol, 0.8 equiv) of 1-methylimidazole and 1.39
g (23.1 mmol, 1 equiv) of isopropanol was dropped at 0 °C under rapid
stirring to the beforehand prepared solution. The solution was kept at
this temperature for another 30 min, and the resulting methylimidazole
hydrochloride was then filtrated with a Schlenk frit and the solvent was
removed under reduced pressure (200 mbar). After fractionated
condensation in a vacuum 1.17 g (5.78 mmol, 43%) of isopropoxy-
(methyl) ({2-methylpent-4-en-2-yl)oxy)silane was obtained as a color-
less liquid. 'H NMR (300 MHz, CDCly, 300 K) & [ppm]: 5.95—5.78 {m,
1H), 5.00 (s, 1H), 4.84—4.59 (m, 1H), 416 (dt, ] = 12.2, 6.1 Hz, 1H),
227 (d,J=7.3Hz, 1H), 1.28 (5, 3H), 1.20 (d, J = 6.1 Hz, 2H), 0.18 (d, ]
= 1.8 Hz, 1H). ®C NMR (126 MHz, CDCly) & [ppm]: 135.1, 117.4,
747, 657, 5.2, 29.5, 294, 25.66, —0.3. °Si NMR (99 MHz, CDCLy) 6
[ppm]: —27.6. HRMS m/z (CjpHy,0,81): caled: 202.1389; found:
202.1335 [M*].

2-lsopropoxy-2,6,6-trimethyl-1,2-oxasilinane (2). In a Schlenk
flask L.17 g (5.78 mmol) of isopropoxy{methyl){(2-methylpent-4-en-2-
yl)oxy)silane (8) was dissolved in 150 mL of dichloromethane. 40 mg
(0.08 mmol, 1.4 mol %) of B{C.F); was added, and the reaction
mixture was stirred at room temperature for 12 h. Afterward, the solvent
was reduced under vacuum, and 0.9 g (444 mmol, 76%) of 2-
isopropoxy-2,6,6-trimethyl-1,2-oxasilinane was purified via fractioned
condensation. "H NMR (300 MHz, CDCL,) & [ppm]: 4.24—4.07 {m,

8503

1H), 1.84—1.71 (m, 2H), 1.54—1.47 (m, 2H), 1.29 (s, 3H), 1.23 (s, 3H),
1.17 (t, J=6.1 Hz,6H),0.74—0.62 (m, 1H), 0.54—0.42 (m, 1H), 0.11 (s,
3H). C NMR (75 MHz, CDCL) & [ppm]: 74.3, 64.6, 41.1, 31.5, 30.2,
25.8,17.8, 11.6, —L.1. ®SiNMR {60 MHz, CDCL,) & [ppm]: —11.5. MS
(B, m/z (%): 187.2 (100) [M — CH,)"], 160.1 (15), 159.1 {24), 145.1
(28), 143.1 (13) [(M — OCH(CH,),)"], 117.1 (23). HRMS
(C12H,,0,™81): caled: 202.1389; found: 202.1381.

Irradiations. Variation of Photoacid Generator via in Situ IR
Spectroscopy. 1 mL of 2,2,8,8-tetramethyl-1,7-dioxa-6-silaspiro[5.5]-
undecane (1.05 g, 4.59 mmol; 3) was dissolved in 3 mL of DCM. This
solution was measured via i sif IR spectroscopy until the signal was
constant. 3 mol % (0.14 mmol) of the photoacid generator dissolved in 1
mL of DCM and 1.24 mg of water (1.5 mol %) were added to the
solution. The ratios of PAG in the different measurements are listed in
Table S1. After the IR signal was constant, the UV irradiation in the
range of 200—300 nm was started.

Variation of the Amount DHP. 1 mL of 2,2,8,8-tetramethyl-1,7-
dioxa-6-silaspiro[5.5 Jundecane (1.049 g, 4.59 mmal, 3) or 0.727 g (4.59
mmol) of 2,2,6,6-tetramethyl- 1-oxa- 2-silacyclohexane (1) was dissolved
in 3 mL of DCM. This solution was measured via in situ IR spectrometry
until the signal was constant. The amount of diphenyliodonium
hexafluorophosphate dissolved in 1 mL of DCM and 1.24 mg of water
(1.5 mol %) in the case of 2,2,8,8-tetramethyl-1,7-dioxa-6-silaspiro [.5]-
undecane was added (amount of PAG in the measurements: Table 52).
After the IR signal was constant, the UV irradiation (200—300 nm) was
started. The dimerization product of 2,2,6,6-tetramethyl-1-oxa-2-
silacyclohexane (1) was characterized by GC-MS. MS (EL), m/z (%):
208.17 {24) [M"], 283.17, (100) [(M — CH,)"], 270.17 (25), 255,14
(16), 243.15 (25).

Cross-Linking of the Organic Polymer. Synthesis of Polystyr-
ene—poly(2-(hydroxyethyl) methacrylate) Copolymer. 7.19 mmol
(936 mg, 1 equiv) of 2-hydroxyethyl methacrylate, 144 mmol (15 g, 20
equiv) of styrene, and 106 mg (0.44 mmol) of dibenzoylperoxide were
degassed via three freeze —thaw —pump cydles and afterward stirred for 4
hat 80 °C. The viscous polymer was precipitated in 400 mL of ethanol at
0 °C and freeze-dried in benzene after filtration. M, = 141 000 g/mol
(PDIL: 2.71).

irradiatiation. 600 mg of polystyrene—poly(2-(hydroxyethyl)
methacrylate) copolymer, 60 mg {026 mmol, 10 wt %) of 2,2,8,8
tetramethyl-1,7-dioxa-6-silaspiro[5.5]undecane (3), and 10.83 mg
(0.026 mmol) of TST were dissolved in 150 mL of acetone and
irradiated for 2 h {200—300 nm) under rapid stirring, The precipitated
cross-linked polymer was filtered off and afterward dried for several
hours under in a vacuum. For the EDX measurements the cured
polymer was extracted for 4 h by Soxhlet extraction in THF and dried for
several hours.

Telechelic Structure. In a baked out Schlenk flask 210 mg of 2-
isopropoxy-2,6,6-trimethyl-1,2-oxasilinane (1.04 mmol; 2) and 294 mg
of hydroxyl-terminated polydimethyiloxane {0.26 mmol) were dissolved
in 10 mL of benzene and stirred for 24 h. Afterward, the solution was
dried for several hours in a vacuum. The telechelic structure was
obtained in a quantitative yield. The reaction process can be followed by
"H NMR spectroscopy via the cleavage of the isopropoxy group. 'H
NMR (500 MHz,C,Dy, 300 K) & [ppm]: 1.84—1.78 {m, 2H), 1.73—1.68
{m, 2H), 1.36—1.34 (s, 6H), 1.26—1.25 (s, 6H), 0.79—068 (m, 4H),
0.59—0.44 (m, 4H), 0.34—0.18 {m, 96H). *C-DEPT135-NMR (126
MHz, CgDy, 300 K) & [ppm]: 128.06, 40.93, 31.73, 29.55, 17.85, 12.97,
1.15, 0.86, 0.22. ®Si NMR (99 MHz C¢Dy, 300 K) & [ppm]: —19.30,
—19.49, —19.57, —21.40, —21.78, —21.84, —21.95.

PDMS-H-g-HNDPB. Toa stirred solution of 0.4 mol % {according to
the olefin content of N-hydroxy-35-norbornene-2,3-dicarboximide
perfluoro-1-butanesulfonate) Karstedt's catalyst (2% Pt in xylene) in
15 mL of toluene, HNDPB and PDMS-H were added. The mixture was
stirred for 3 days at room temperature. The residual solution was used
without further purification. The educts were converted quantitatively
to PDMS-H-¢-HNDPE (ratio: Table $3). 3C NMR (126 MHz, CDCL,)
5 [ppm]: 168.7, 168.3, 48.8,45.6, 40.7, 40.5, 39.8,26.2, 247, 24.6,0.9—
2.0. PF NMR (471 MHz, CDCL) & [ppm]: —80.7, —106.8, —120.4,
—125.9 ppm. 'H NMR (12.5% HNDPB) {500 MHz, CDCLy) & [ppm]:
4.68 (s, 0.13 H), 3.18 (s, 2H), 2.86 (s, 2H), 1.95—1.74 (m, 1H), 173—
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1.62 {m, 1H), 1.62-1.45 (m, 2H), 0.76—0.61 (m, 1H), 0.33 — —0.16
(m, 39H). "H NMR (8.3% PAG) (500 MHz, CDCL) & [ppm]: 4.68 (s,
0.7 H), 3.18 (s, 2H), 2.86 (s, 2H), 1.95—1.74 {m, 1), 173—1.62 {m,
1H), 1.62—1.45 (m, 2H), 0.76—0.61 (m, LH), 0.33 — —0.16 (m, 62H).
'H NMR (1.7% HNDPE) (500 MHz, CDCL,) 8 [ppm]: 4.68 (s, 7.8 H),
3.18 (s, 2H), 2.86 (s, 2H), 1.95-1.74 (m, 1H), 173—1.62 (m, 1H),
1.62—1.45 (m, 2H), 0.76—0.61 {m, 1H), 0.33—0.16 (m, 326H).

PDMS-g-HNDPB-g-2. The solution of PDMS-H-g-HNDPB was
stirred for 1 h with a stoichiometric amount of water at RT. After 1 h, 2-
isopropoxy-2,6,6-trimethyl-1,2-oxasilinane {2) was added (exact ratios:
Table $4). Stirring was continued for 3 days at room temperature. In
order to separate the Pt residue, the solution was filtrated over Celite.
The solvent was removed in a vacuum. The product was gained in a
quantitative yield. *C NMR (126 MHz, CDCly) & [ppm]: 168.8, 168.4,
743, 48.0, 45.6, 41.1, 40.6,39.7, 32.0, 29.3, 26.2, 24.7, 17.70, 12.9, 12.8,
1.9, 1.2, 1.0, 0.9, —1.6. ’F NMR (471 MHz, CDCl,) & [ppm]: —80.6,
—106.6, —120.3, —125.8 ppm. *Si NMR (99 MHz, CDCL,) & [ppm]:
8.8, 8.7, 7.6, 7.4, 7.3, 7.2, —18.5, —18.7, —189, —19.0, —20.4, —20.7,
—20.8, —209, —21.20, —21.3, —21.5, —21.8, —21.9, —22.0, —22.1,
—224, 267, —26.9, —272, —67.5. "H NMR (15% 4) (500 MHz,
CDCL): § = 476464 (m, L1H), 3.19 (s, 2H), 2.89 (s, 2H), L93—1.39
(m, 118H), 1.40—1.12 (m, 201H), 0.99—0.42 (m, 66H), 0.29—0.09 {m,
1216H). "HNMR (8.3% 4) (500 MHz, CDCL,) 3 [ppm]: 3.17 (s, 2H),
2.86 (s, 2H), 1.99—1.36 (m, 8H), 1.36—1.11 {(m, 6H), 0.95—0.37 {m,
3H), 0.25-0.1 (m, 65H). 'H NMR (4.2% 4) (500 MHz, CDCL,) 5
[ppm]: 3.17 (s, 2H), 2.86 {5, 2H), 1.97—1.34 (m, 6.4H), 1.30—1.15 {m,
3.5H), 0.93—0.44 (m, 3H), 0.24—0.06 (m, 43.9H).

Irradiation and Gel Content Determination of PDMS-g-
HNDPB-g-2. 70.0 mg of the used PDMS-g-HNDPB-g-2 was solved
in 3 mL of DCM. A catalytic amount of water was added. The solution
was given into a Petri dish, and the solvent was evaporated at 50 °C.
Afterward, the film was irradiated for 3 h under UV light (200—300 nm).
After 1 day the gel content was determined. Therefore, 50.0 mg of the
sample was given in4 mL of THF. The mixture was refluxed for 2h atan
oil bath temperature of 90 °C and filtrated afterward. The solvent was
removed in a vacuum, and the soluble residues dried for several hours
before their mass was determined (Table S$, formula SL1).
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Bl ABBREVIATICNS

1, 2,2,6,6-tetramethyl-1,2-oxasilinane; 1Melm, 1-methylimida-
zole; 1P, dimer of 1; 2, 2-isopropoxy-2,6,6-trimethyl-1,2-
oxasilinane; 3, 2,2,8,8-tetramethyl-1,7-dioxa-6-silaspiro[5.5]-
undecane; 3P, polymer of 2; 3, 2,2,9,9-tetramethyl-1,8-dioxa-7-
silaspiro[6.6]tridecane; 4, 2,2,9,9-tetramethyl-1,8-dioxa-7-
silaspiro[6.6 Jtridecane; 5, 2-methylpent-4-en-2-ol; 6, dimethyl-
{{2-methylpent-4-en-2-yl}oxy)silane; 7, chloro{methyl)((2-
methylpent-4-en-2-ylJoxy)silane; 8, isopropoxy{methyl){(2-
methylpent-4-en-2-yl)oxy)silane; BPO, dibenzoyl peroxide;
DHP, diphenyliodonium hexafluorophosphate; DIT, dipheny-
liodonium triflate; DSC, differential scanning calorimetry; EDX,
energy dispersive X-ray analysis; GPC, gel permeation
chromatography; FIIR, Fourier-transfer infrared spectroscopy;
g grafted; HEMA, hydroxyethyl methacrylate; HNDPB, N-
hydroxy-5-norbornene-2,3-dicarboximide perfluoro-1-butane-
sulfonate; HO-PDMS, hydroxyl-terminated polydimethylsilox-
ane; MALDI-TOF, matrix-assisted laser desorption/ionization
time-of-flight; M,,, molecular weight; PAG, photoacid generator;
PDI, polydispersity index; PDMS, polydimethylsiloxanes.
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8. List of Figures, Schemes and Tables

8.1. Figures

Figure 1. Overview of silicon nanostructures.”?!*"**Reproduced and adapted with permission
from references 21, 57, 58. Copyright 2002, 2015 American Chemical Society; 2016 WILEY -
VCH Verlag GmbH & Co. KGaA, Welnheim. .......ccccooeviiriiiiiiiniiiinicecceecseceseeseeen 19
Figure 2. Schematic illustration of the band structure of bulk silicon (a) and nanosilicon
regarding quantum confinement effects (¢). Development of the band gap and illustration of the
change in the band structure towards pseudo concrete levels with decreasing size of the silicon

structure (b). VB: valence band; CB: conducting band; k: reciprocal space; E(k): energy.!!!%!15]

Figure 3. H-SiNC size dependent PL emission spectra (excitation wavelength is 350 nm).[¢]
Reproduced and adapted with permission from reference 16. Copyright 2006 The Royal Society
o) 01153 1413 2 oy 2SS 23
Figure 4. a) NALDI measurements of dodecyl oligomers attached to the SiNC surfaces.
Functionalization has been achieved at the indicated temperatures. B) Bright field and dark field
TEM measurements of alkyl terminated SiNCs after thermal grafting.[*!%1°2] Reproduced and
adapted with permission from references 3, 193. Copyrights 2012, 2013 America Chemical
SOCIELY . .ttt ettt ettt ettt b et s nas 32
Figure 5. Comparison of the reactivity of diazonium salts in the hydrosilylation of H-SiNCs
with dodecane; A) 4-decyl-diazobenzene tetrafluoroborate (4-DDB); B) 2-nitro-2-4-DDB; C)
2,6-bromo-4-DDB; D) 4-bromo-DB; and E) reference.??®! Reproduced and adapted with
permission from references 209. Copyrights 2014 Wiley-VCH Verlag GmbH & Co. KGaA,
WEINNEIIML. ..ttt ettt sttt ettt ae st s a et 37
Figure 6. PL properties of SiNCs functionalized with different arylamines.'®) Reproduced and
adapted with permission from references 219. Copyrights 2015 CIOMP. ...........cccccvvvennnnee. 39
Figure 7. Impact of various surface groups (hexyl, phenyl and phenylacetylene) groups on the

1151 Reproduced and adapted with permission from reference

PL emission maximum of SiNCs.!
115; DOI: 10.1039/C6NRO01435F. Copyrights 2016, The Royal Society of Chemistry. ........ 42
Figure 8. a) Preparation of a SiNC/polystyrene hybrid material; b) chemical stability of a

SiNC/polystyrene film towards saturated NaOH; c) PL image of a directed fiber coated with
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the hybrid material and d) SEM image of a fiber bundle consistent of the hybrid material.[**®]

Reproduced and adapted with permission from references 18, 229. Copyright 2013, 2016
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim...........cccooeovieeiiiiieiiiecieeeiieecee e 47
Figure 9. a) Size dependent photoluminescence of a SiNC/polysiloxane hybrid material; b)
shapes obtained from molding of a SiNC/polysiloxanes hybrid material.l**?! Reproduced and
adapted with permission from reference 233. Copyrights 2010 Wiley-VCH Verlag GmbH &
Co0o. KGaA, WEINNEIIML ...ovvvviiiiiiiii ettt ettt e e e e e ettt ee e e e e e s s essaaaraeeeeesseanns 48
Figure 10. SiNC/silica aerogel composite materials obtained from sol-gel procedure of
tetramethyl orthosilicate (TMOS) with surface engineered SiNCs present (3, 3 nm SiNCs; 8,
8 nm SiNCs; PEG, polyethylene glycol functionalized; COOH, pentanoic acid functionalized

(2341 Reproduced and adapted with permission from reference

and C12, dodecyl functionalized).
235. Copyrights 2016 American Chemical SOCIELY. ......ccceeveeriiriiniiiiniirieeecseceeeeeeae 49
Figure 11. Low (a) and high magnification TEM images (b-c) of a surface grafted
SiNC/graphene hybrid material with measurements of the distances of the graphene layers and
the material interface (b inset). Furthermore the mechanism of Li uptake is demonstrated (d).[°%
Reproduced and adapted with permission from reference 52. Copyrights 2015 Nature
PUDLISHING GIOUD. c...etiiiiiieiieeeee ettt sttt et st sbe e 50
Figure 12. ,,Yolk shell* design of a SiNC/carbon hybrid material and schematic mechanism
during Li uptake.[>*®] Reproduced and adapted with permission from reference 239. Copyrights
2012 American ChemiCal SOCIELY. .....cccuiieiiiieeiieeeiieeeieeeetee et e eteeetteeeteeeereeesbeeessaeeesaseeens 51
Figure 13. Schematic organization of a SiNC(Si-nc)/P3HT heterojunction solar cell.?**! ITO,
indium tin oxide; P3HT, poly-3-hexylthiophene. Reproduced and adapted with permission from
reference 240. Copyrights 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim........ 51
Figure 14. Schematic arrangement of SiNC based LEDs.['®) Reproduced and adapted with
permission from reference 18. Copyrights 2016 WILEY-VCH Verlag GmbH & Co. KGaA,
WEINNEIINL ..ottt ettt et sb ettt e sbe et eseesbeebesaeesbe et 52
Figure 15. Electroluminescence of LEDs obtained from the application of polydispersity and
size separated SiNCs at a constant currency of 1.6 mA cm™ (a) and photographs of the
corresponding LED devices (b).[*”! Electroluminescence spectra of LED devices obtained from
combination of poly-TPD and SiNCs of different sizes (c) with the corresponding CIE diagram
(d; inlet photograph of white-light LED.[8] Architecture of a SINC based photodiode (e) and
its spectral response (f; inset photograph and band gap estimation using Tauc method).['”®)

Reproduced and adapted with permission from references 47, 48, 178. Copyrights 2013
American Chemical Society; 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. . 52
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Figure 16. A) Si-H consumption, B) formation of methanol from COz followed by in-situ IR
spectroscopy. C) Temperature resolved study of the consumption of Si-H surface groups
followed by in-situ IR.1*?2! D) Matrix assisted laser desorption-ionization (MALDI) of P3HT
obtained from SiNC catalysis. E) UV-VIS absorption and F) PL emission spectra of P3HT
(Inset: P3HT under ambient light (E) and und under UV light (F).[*}] Reproduced and adapted
with permission from references 43, 223. Copyrights 2014 American Chemical Society; 2017
The Royal Society 0f ChemIStIY. ....cciiiiieiiieeiiieciieeciee ettt etee e saee e eeseaee e 53
Figure 17. Biomolecule functionalized micelles containing a SiNC core and a phospholipid
membrane and demonstration of possible applications.*>) Reproduced and adapted with
permission from references 35. Copyrights 2011 American Chemical Society. ..................... 54
Figure 18. a) Immunofluorescent cell imaging obtained by laser confocal microscopy (scale
bar= 5pum; left: SiNC labeling of nuclei, middle labelling of microtubules by
fluoresceinisothiocyanat, right: overlap of both images) and b) Time resolved stability of HeLa
cells labelled by SiNCs and fluoresceinisothiocyanat.”*! Reproduced and adapted with
permission from reference 250. Copyrights 2013 American Chemical Society...................... 55
Figure 19. Schematic illustration of various mechanisms of SiQD sensing approaches: a)
electron transfer (ET), b) fluorescence resonance energy transfer (FRET), and c¢) photocurrent
generation as readout signals. [2°233] Reproduced and adapted with permission from references
254. Copyrights 2013 American Chemical SOCIELY. ......c.ceovveriieriieriieiieeie et 55
Figure 20. a) Detection of drops of solution of TNT, PETN and RDX; b) reversible detection

18311 Reproduced and adapted with permission from references 18, 31.

of nitrobenzene vapor.
Copyrights 2014 Royal Society of Chemistry; 2016 Wiley-VCH Verlag GmbH &Co. KGaA,
WEINNEIIML. ..ttt ettt et e bbbt esat e et e s bt e e beesbteenbeesaees 56
Figure 21. a) Alkyl oligomer (i), alkyl monomer (ii) and blue emitting amine terminated (iii)

[250.256] Reproduced

SiNCs used for the investigation of the PL response towards nitrobenzene.
and adapted with permission from references 251. Copyrights 2016, Royal Society of
L0 1 1<) 101 ] 1 TSP 57
Figure 22. Overview of the catalytic precision polymerization process of various monomers (E
= CR, PR2; A =0, NR).ZOT e 58
Figure 23. Overview over O and N-coordinating Michael Type acceptors.[?*’] Reproduced and
adapted with permission from reference 264. 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
WETIINEIINL ..ttt ettt et e sttt e e bt e et e sab e et e e ssbeenbeesaeeenbeenneas 58
Figure 24. a) Schematic illustration of the copolymerization of DEVP with DMVP and DPVP,

b) changes in cloud points by the variation of the DEVP concentration in the respective
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copolymers.?’® Reproduced and adapted with permission from reference 277. Copyright 2012
American ChemiCal SOCIELY. ....cccuiiiviiriieiierieeieeeie ettt ete et e sae e e sbeebeessbeeseessseenseennnas 61
Figure 25. Investigation of the time resolved growth of PDEVP(a-f) from an EGDEM
surface.l*””] Reproduced and adapted with permission from reference 278. Copyright 2012
American ChemiCal SOCIELY. .....cuiiiiiiriiieiieiie ettt ettt et e b e e s e sraeenseeennes 62
Figure 26. Static water contact angle measurements of a) PDMVP, b) PDEVP and c) PDPVP
surfaces at 25 °C and of PDEVP at 50 °C; d) structures of the PDAVP on the surface.?’”]
Reproduced and adapted with permission from reference 278. Copyright 2012 American
CREMICAL SOCIELY....uiieiiieiieiiieiie ettt ettt ettt ettt e et e et e et e e saeeesbeebeessbeenseesnseenseassseenseens 63

Figure 27. Comparison of the alcogel, acrogel and xerogel structures. ..........cc.cceevvverveeneennen. 67

[310,311 ¢ [312313]

Figure 28. Different photoacid generators: a) ionic, I'b) non-ioni

8.2. Schemes

Scheme 1. General strategy for the preparation of pure silicon a) Technical reduction of SiO2,
b) Synthesis of trichlorosilane from HCI and subsequent distillation, ¢) Formation of pure
silicon by hydrogen reduction of trichlorosilane.!! .................o.ocoviiiiiieeeeeeeee, 18
Scheme 2. Chemical exfoliation of hydride terminated SiNSs from calcium silicide.[%7!
Reproduced and adapted with permission from reference 58. Copyright 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Welnheim. ........cccooeiiiiiiiiiiiiiieiiieiece et 20
Scheme 3. General preparation strategies for SINCS. .........cocveeiierieiiienienieeeeeie e 24
Scheme 4. Schematic illustration of the SINC formation by metal or hydride reduction of silicon
halide precursors. IO I830) e, 25
Scheme 5. Schematic illustration of the SiNC formation by metal silicide oxidation
TEACHION. O 800 ettt 25
Scheme 6. Schematic illustration of the SINC formation by pyrolysis or plasma induced silane
decomposition. IO 830] et 26
Scheme 7. General procedure for the generation of hydride terminated SiNCs, established by

16,161,162] 28

Veinot et al.: Thermal annealing and HF etching.['&1611621 e,

Scheme 8. Stages of thermal HSQ disproportionation and formation of SiNCs under reducing

or inert atmosphere. 10102105 e 28
Scheme 9. Etching of the silicon dioxide matrix by hydrofluoric acid.!"! .............................. 29
Scheme 10. Schematic illustration of the H passivation mechanism on Si surfaces.['®8] . ... 29
Scheme 11. Hydrosilylation reaction with a) alkenes and b) alkynes...........c.cccecveevevieennenne. 30
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Scheme 12. Chalk-Harrod mechanism of hydrosilylation reactions with d® and d'* metal
COMPLEXES. 8 L e 31
Scheme 13. Mechanism of room temperature hydrosilylation of 10-undecenoate (A) and
resonance structures of 10-undecenoic acid, methyl 10-undecenoate and ethyl
10-undecenoate.!'®] Reproduced and adapted with permission from reference 189. Copyright
2013 America Chemical SOCICLY.......ccvieriieiiiiiieiieeiee et eieeeee et e ere e e sbeebeessbeeseeseseesseensnas 31
Scheme 14. a) Functionalization of hydride terminated SiNC surfaces with 1H,1H,2H
perfluoro-1-decene b) schematic demonstration of the reaction by microwave synthesis; c¢) FT-
IR spectrum of perfluorodecyl capped SiNCs; d) photoluminescence of spin coated SiNCs on

S.[194

a silicon wafer and e) water droplet on a film of perfluorodecyl capped SiNC 1 Reproduced

and adapted with permission from reference 195. Copyrights 2014 America Chemical Society.

Scheme 15. a) Homolytic cleavage of a Si-H bond achieved under thermal and photochemical
conditions; photochemical exciton-mediated hydrosilylation mechanism for b) nanoscale Si and
¢) bulk Si.l'!7 Reproduced and adapted with permission from reference 117. Copyrights 2011
AmeErica ChemiCal SOCICLY. .....ccuuiiiiiiiiiiiieciieeeee ettt e et e et e et e e e e e e ebeeesbaeesnseeennseeens 33
Scheme 16. Proposed Mechanism for XeF2 grafting of SiNCs. [2%) Reproduced and adapted
with permission from reference 204. Copyrights 2017 Wiley-VCH Verlag GmbH &Co. KGaA,
WEINNEIIM. ..ottt et et e sae e 34

(2041 Reproduced and adapted with

Scheme 17. Borane catalyzed hydrosilylation of H-SiNCs.
permission from reference 205. Copyrights 2014 America Chemical Society..........c.ccccueeee. 35
Scheme 18. Possible mechanisms of borane catalyzed hydrosilylation: A, “insertion”
mechanism and B, “coordination” mechanism.?**l Reproduced and adapted with permission
from reference 205. Copyrights 2014 America Chemical Society. ........ccceeveveercieercreeenneenne, 35
Scheme 19. Grafting of H-SiNCs using diazonium salts (1) and radical initiators (2, e.g.
azobisisobutyronitrile — AIBN or dibenzoyl peroxide — BPO). A) Radical formation and B)

proposed grafting mechanisms.20%2%]

Reproduced and adapted with permission from
references 209, 210. Copyrights 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim;
2015 America Chemical SOCIELY. ......ccueriiriiriiiiiriieiece ettt 36
Scheme 20. Halogenation of hydride terminated SiNCs (a) and PL of alkylated surfaces derived
from halogenated SiNC surfaces (b).?!*) Reproduced and adapted with permission from

references 216. Copyrights 2015, American Chemical SOCIEtY.........cccvevvuvierciieeniiieeniieeeieenne 38
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Scheme 21. Different approaches for the generation of blue emitting amino terminated SiNCs
obtained from H-SiNCs. 7’ Reproduced and adapted with permission from references 179.
Copyrights 2013, American Chemical SOCIELY. .......ccccviiviiiiiriiieiiieeee e 40
Scheme 22. Reaction of H-SiNCs with amines, alkylphosphine oxides, CO2 and lithium
organyls.l?*?24] Reproduced and adapted with permission from references 18, 124, 225.
Copyrights 2015, 2016, Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim; 2014 American
CREMICAL SOCICLY ... .eeiiiiieeiieeciie et ee ettt ettt e ettt e et e e e teeesabae e sseessaeesssseesnsaeesssaeennseeensseennnns 41
Scheme 23. a) Reaction of H-SiNCs with phenyl lithium and subsequent substitution of the Si-
Li group and b) reaction of H-SiNCs, generation of hydride groups using HCI and subsequent

(2241 Reproduced and adapted with permission from references 225. Copyrights

hydrosilylation.
2015, Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim..........ccceeeveeeeieeecieeeciie e 41
Scheme 24. Schematic illustration of multistep reactions performed on SiNC surfaces: a) Thiol-
ene click, b) epoxidation, c¢) azide-alkyne cycloaddition (“click” chemistry).[8:185:227]
Reproduced and adapted with permission from reference 28, 186, 228; Copyrights 2010, 2014,
American Chemical Society; 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; . 43
Scheme 25. Decoration of chloroterminated SiNCs with alanine and mannose for fluorescence
imaging. 18361 Reproduced and adapted with permission from references 18, 36. Copyrights
2016 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim; 2014 The Royal society of
L0 1 1<) 101 ] 1 TSR 44
Scheme 26. Decoration of hydride terminated SiNCs with vinyldimethylchlorosilane as
precursor for post functionalization with alcohols or silanols (A), or organolithium compounds
(B). 4-DDB, 4-decyl-diazobenzene tetrafluoroborate.?!'! Reproduced and adapted with
permission from reference 212. Copyrights 2014 Royal Society of Chemistry. ..................... 45
Scheme 27. A) Two stage formation of 6-hydroxyhexyl 3-(methylthio)-2-phenyl-3-
thioxopropanoate (HMT)-functionalized SiNCs and B) RAFT polymerization on SiNC
surfaces.?'?) Reproduced and adapted with permission from reference 213. Copyrights 2015
Royal Society Of ChemISIIY. .....cc.ooiiiiiiiiieeieeieeeie ettt et e et sebe bt essbeeseeseseesseenenas 46
Scheme 28 a) Kumada catalyst transfer polycondensation (SI-KCTP) on hydride terminated
SiNCs; b) STM/STS spectrum of a dodecyl-SiNC in comparison to a polythiophene-grafted
SiNC.[**! bipy, 2,2'-bipyridine; dppp, 1,3-bis(diphenylphosphino)propane. Reproduced and
adapted with permission from reference 234. Copyrights 2016 Wiley-VCH Verlag GmbH &
Co0o. KGaA, WEINNEIML ...evvviiiiiiiiiiieeceiiteeeeee ettt e e e e ettt e e e e e e e s eenaaareeeeeeeeeanns 48
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Scheme 29. Mechanism of initiation and propagation of DEVP by Cp2LnX (X = CHs; CH2TMS,
Cp, SR, CI, OR) complexes.?”* Reproduced and adapted with permission from reference 274.
Copyright 2013 American Chemical SOCIELY.......c.ueeriiieiiiiiiiie et 59
Scheme 30. Initiation pathways of REM-GTP using a catalyst of the design CP2LnXethf or
[Cp2LnX]2.273) Reproduced and adapted with permission from reference 274. Copyright 2013
American ChemiCal SOCIELY. ....cccuiiiviiriieiierieeiieeie ettt ere et e s eteesebeebeessbeeseessseesseensnas 60
Scheme 31. Propagation step in group transfer polymerization mechanism.!*’*! Reproduced and
adapted with permission from reference 274. Copyright 2013 American Chemical Society.. 60
Scheme 32. Synthesis of Cp:Ln (CH2(CsH2Me:2N)).*”*! Reproduced and adapted with
permission from reference 275. Copyright 2015 American Chemical Society. ........c..ccc.c...... 60
Scheme 33. Surface reaction, catalyst impregnation and SI-GTP using a) trimethoxysilylpropyl
methacrylate, b) ethylene glycol dimethacrylate as initiator layer. ¢) SI-GTP mechanism for the
surface polymerization.?””] Reproduced and adapted with permission from reference 278.
Copyright 2012 American Chemical SOCIELY.........cccuieviiiriiiiiieiierieeeee e 62
Scheme 34. Overview of the conditions of the sol gel process starting from Si(OH)4.2%
Reproduced and adapted with permission from reference 287. Copyright 1994 American
ChemiCal SOCIELY....c.eiiuiiiiriiiieeteeet ettt ettt ettt et et 65
Scheme 35. Acid (a) and base catalyzed (b) hydrolysis and condensation mechanisms of
tetraalkoxysilane precursors. 2872882901 e, 66
Scheme 36. Planned pathway for the preparation of SINC-PDAVP hybrid materials. ........... 68
Scheme 37. Schematic illustration of the SINC grafting mechanism combined with in-situ IR
spectroscopy of the process.[**’! Reproduced and adapted with permission from reference 296.
Copyright 2017 Royal Society of ChemiStry. .........ccceeviieiiieriieiienieeieesie e eve e 69
Scheme 38. Planned preparation strategy for SINC-silica aerogel composite materials. ........ 69

Scheme 39. Overview of applications of oxasilacycles in polymer chemistry.[?*”! Reproduced

and adapted with permission from reference 300. Copyright 2014 American Chemical Society.

................................................................................................................................................ 132
Scheme 40. BCF catalyzed hydrosilylation reaction according to Gevorgyan et al.[2%! .. 133
Scheme 41. Preparation of methylchlorosilanes.B%) ..o, 133

Scheme 42. Preparation of oligomeric and cyclic siloxanes from dialkyldichlorosilanes: a)
hydrolysis, b) MEthanOLYSIS. ........cccuiiriiieiieiiecii e et 134
Scheme 43. Procedures for the preparation of high molecular polydimethylsiloxanes from
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polycondensation.BO3305] e, 134



8. Figures, Schemes and Tables

Scheme 44. Decomposition pathways of triphenylsulfonium (a) and diphenyliodonium (b)

P A G S B 3l e 136

Scheme 45. Photon initiated decomposition mechanism of diphenyliodonium (Y =1) and

triphenylsulfonium salts (Y = S-Ph).BI03I s 137

Scheme 46. Decomposition pathways of non-ionic PAGs (e.g. iminosulfonates).!2%8:312:313.316-

R T 137
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Table 1. Properties of silica aerogels.!?331..............ooiiiiieeeeeeeeeeeeeeeeee e 64
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