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Highly Luminescent Covalently Linked Silicon Nanocrystal/
Polystyrene Hybrid Functional Materials: Synthesis,

Properties, and Processability

Zhenyu Yang, Mita Dasog, Alexander R. Dobbie, Ross Lockwood, Yanyan Zhi,

Al Meldrum, and Jonathan G. C. Veinot*

Silicon nanocrystals (SiNCs) have received much attention because of their
exquisitely tunable photoluminescent response, biocompatibility, and the
promise that they may supplant their CdSe quantum dot counterparts in

many practical applications. One attractive strategy that promises to extend
and even enhance the utility of SiNCs is their incorporation into NC/polymer
hybrids. Unfortunately, methods employed to prepare hybrid materials of this
type from traditional compound semiconductor (e.g., CdSe) quantum dots are
not directly transferable to SiINCs because of stark differences in surface chem-
istry. Herein, the preparation of chemically resistant SiNC/polystyrene hybrids
exhibiting exquisitely tunable photoluminescence is reported and material pro-
cessability is demonstrated by preparing micro and nanoscale architectures.

distribution of QDs throughout the host
polymer, 8201 material  stability,*!-??
and the established cytotoxicity of many
prototypical QDs.2224 If QDs are not
uniformly distributed, variable material
properties will likely result. Unstable QD
dispersions will certainly have variable
properties and even degrade under some
application conditions. It is reasonable
issues associated with uniformity and
stability can be mitigated through direct
bonding between the host polymer and
the QD surface. Few examples of direct
polymerization from the surface of arche-

1. Introduction

Semiconductor nanocrystals, or quantum dots (QDs), and
functional polymers are among the many triumphs of modern
materials chemistry.'™ QDs of a vast array of compound
semiconductors (e.g., CdSe, CdS, PbSe) are now routinely pre-
pared and exploited for their size-dependent optical, electronic,
and chemical properties.”® Similarly, synthetic advances in
polymer chemistry now allow rational design and tailoring of
their material characteristics.’12l Marrying the exquisitely tun-
able properties of these two very different materials to produce
hybrids offers yet another degree of freedom in the prepara-
tion of designer materials that find application in far reaching
areas including optoelectronic structures,*!*l drug delivery sys-
tems, ' sensors, ! solar cells,'®) LEDs,!'% and data storage.'”]
Still, hurdles associated with the development of these
hybrids remain that could slow and even preclude their practical
implementation. Important among these are homogeneous
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typical CdSe QDs have appeared,®! pre-

sumably because QDs and/or bonds teth-
ering ligands to their surface are frequently not compatible with
common polymerization conditions.?® Fortunately, the ionic
bonding of ligands with QD surfaces can undergo equilibrating
exchange processes that allow introduction of various surface
moieties, including polymers.2’~2%1 Another promising method
for interfacing QDs with polymers relies upon exploiting the
collective contributions of comparatively weak bonding interac-
tions (e.g., van der Waals interactions) between surface groups
on QDs and polymers.%3! This approach has provided tai-
loring QD solubility. Polymer coating can also slow, and even
limit the release of cytotoxic ions, however this largely remains
an outstanding challenge and clearly the most effective solution
is to eliminate the use of cytotoxic elements.2432]

Recent synthetic advances have resulted in well-defined silicon
nanocrystals (SiNCs) that have bettered the community’s under-
standing of their properties and reactivity.?>?/ Modern SiNCs
exhibit many, if not all of the favorable properties of traditional
QDs with the added benefit of being non-toxic.l’’#? Their sur-
face chemistry differs substantially from that of other QDs and
is routinely tailored via various hydrosilylation approaches that
afford robust covalent Si-C bonds.>=*’] These surface linkages
preclude direct application of the surface exchange approach
(vide supra). Approaches involving non-covalent surface-group/
polymer interactions have been successfully applied to prepare
SiNC/polymer hybrids typically with the intent of tailoring sol-
ubility.*8#1 As with other QDs, this strategy requires multiple
synthetic steps to prepare the NC/polymer hybrid structure and
the comparatively weak interactions between the polymer and
nanoparticles could limit material stability. Alternative methods
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face chemistry are vast and examples exist “Hl=o M 3 nm Si-NCs
that offer a variety of promising approaches  uygrogen silsesquioxane InSI0z matrix Si-NCs
for interfacing SiNCs with polymers. Gener- (HsQ)

ally, modification of bulk silicon begins with
a reactive surface (e.g., Si-H; Si-X where
X = Cl, Br) that is subsequently modified
by active functional groups on grafted mol-
ecules. For example: Tour and co-workers
designed an efficient surface grafting
approach on hydride-terminated silicon film
surface using diazonium sources that leads
to the formation of mono- and multilayers
(i-e., oligomers and polymers).[%-52l Xu et al.
investigated surface initiated atom transfer
radical polymerization (ARTP) on Si surfaces derived from
monolayer modification of hydride and halogen terminated sil-
icon and effectively induced the formation of polymer brushes
grafted surface.’>** Similarly, Zhang et al. reported a rapid
grafting method to grow thick and dense polymer brushes
on silicon using a multiple-step functionalization including
UV-induced hydrosilylation followed by rare metal catalyzed
polymerization.l®! All of these reports provide a basis for the
preparation of SiNC/polymer hybrids, however many employ
metal catalysts or reaction conditions that could compromise
favorable SiNC properties.

Most reports of photochemically and thermally induced
hydrosilylation are aimed at monolayer formation, however
they also provide important platforms for controlled surface
polymerization. Such “one-pot” hydrosilylation/polymerizations
would dramatically simplify material preparation, minimize
impurities, and assist in material processing. Our group, and
others have reported polymerization of monomers (e.g., pro-
pionic acid) indicating catalyst free polymerization from SiNC
surfaces is indeed possible.”®8! Styrene has long been a pre-
ferred monolayer surface modification for SiNCs.P% Polysty-
rene (PS) is a ubiquitous polymer with wide ranging applica-
tions. It has been introduced to bulk silicon surfaces via radical
initiated polymerization,®®®!l and very recently thin films of PS
composites containing ill-defined blue-emitting Si nanoparti-
cles were investigated as an active material in prototype thin
film transistors.!]

To date, the bulk synthesis and processing of well-defined
SiNC/PS hybrid materials have not been reported. Further-
more, demonstrations of micro and nanostructured SiNC/
PS hybrid architectures exhibiting tunable photoluminescent
properties have not appeared. Clearly, a comprehensive study
on the physical and chemical properties as well as the solution
processability of SiNC/PS hybrids would provide substantial
benefit to the realization of functional materials and materials
applications. To this end, we describe a systematic investiga-
tion of the preparation of a series of covalently linked SiNC/PS
hybrids with tunable luminescence arising from state-of-the-art
SiNCs that exhibit SiNC-based photoluminescence arising from
quantum confinement. We also demonstrate the solution pro-
cessability of the present SINC/PS hybrids and prepare a variety

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthetic pathway from HSQ to polystyrene functionalized silicon nanocrystals/
polystyrene hybrid material.

of chemically resistant, uniform nano- and microscale photolu-
minescent architectures.

2. Results and Discussion

The methodology used to prepare the present SiNC/PS hybrids
is summarized in Scheme 1. Well-defined SiNCs (i.e., d = 3,
5, and 8 nm) were prepared using a well-established procedure
that exploits thermally induced disproportionation of com-
mercially available hydrogen silsesquioxane (HSQ). Briefly,
HSQ was heated in a slightly reducing atmosphere (i.e., 5%
H,/95% Ar) at 1100 °C to induce formation of SiNCs inside
an SiO,-like matrix. Larger SiNCs were obtained following a
second processing of the composite obtained from this proce-
dure at higher temperatures (i.e., 1200 °C, d = 5 nm; 1300 °C,
d =8 nm) in an Ar atmosphere.[%2l The resulting brown solids
were ground and etched using an ethanol/water HF solution to
liberate hydride-terminated SiNCs.
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Figure 1. Fourier transform infrared (FT-IR) spectra of a) 3 nm hydride-
terminated and b—d) Si nanocrystals with different sizes (b: 3 nm, c: 5 nm
and d: 8 nm).
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Subsequent functionalization/poly-
merization of styrene on the SiNC surfaces
was achieved using a convenient “one-pot”
procedure followed by purification. SiNCs
were combined with a toluene solution of
styrene and heated to 110 °C in an Ar atmos-
phere. Prolonged heating (i.e., at least 15 h)
yielded an orange solution from which an
amber solid was precipitated upon addition
of ethanol. FT-IR spectroscopy of the prod-
ucts is consistent with SiNC surface func-
tionalization and formation of polystyrene
(Figure 1). Prior to reaction with styrene,
the SiINC IR spectrum shows two distinctive
signals at =2100 cm™! and =850 cm™ which
are readily attributed to Si-H, stretching
and scissoring, respectively.’®! IR spectra of
the SiNC/PS products are independent of
the SiNC size and strongly resemble litera-
ture spectra of polystyrene.%3] We note C-H,,
stretching bands attributable to the phenyl
ring (3000-3200 cm™!) and aliphatic polymer
backbone (2650-2900 cm™). In addition,
weak absorptions characteristic of overtone
bands arising from mono-substituted aro-
matic rings are observed at 2000 cm™ and
1650 cm™. Strong features at =1600 cm™
and =1500 cm™ are readily assigned to C=C
stretching of the phenyl rings and a weak
signal at ca. 1370 cm™ is associated with
C-H,, bending in aliphatic chain. The intense
peak at =1450 cm™! has also been attributed
to the combination of phenyl group C=C
stretching and aliphatic C-H, bending.[®’]
Additional features, such as weak features
between 1250 cm™ and 1000 cm™!, and
strong peak at =760 cm™! arise from in-plane
and out-of-plane C-H, bending. Of impor-
tant note, there is no evidence of features
arising from Si-H, supporting the conclu-
sion that SiNCs are covalently attached to
the polystyrene. NMR analysis confirms no free styrene is
present in purified samples (Figure S1, Supporting Informa-
tion). Raman spectroscopy shows a clear absorption at 624 cm™
confirming Si-C covalent linkages between polystyrene and the
SiNC surface (Figure S2, Supporting Information).

The uniformity of SINC/PS hybrids was evaluated using
bright field transmission electron microscopy (TEM).
Figure 2 shows minimal clustering of the SiNCs regardless
of size indicating NCs are uniformly dispersed throughout
the polymer. Photoluminescence spectroscopy clearly shows
the size-dependent emission of SiNCs (i.e., d = 3 nm, Ae, =
700 nm; d = 5 nm, Ae, = 786 nm; d = 8 nm, A, = 888 nm)
is preserved during functionalization (Figure 3). Consistent
with this emission arising from a band gap transition, we
note a radiative lifetime decay of 164.5 us (Figure S3, Sup-
porting Information) indicative of a SiNC-based band
gap emission and no evidence of excitation wavelength
dependence.

and ¢,f) 7.9 nm.
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Figure 2. a—c) Bright field TEM images and d—f) size distribution of ensembles of polystyrene-
functionalized silicon nanocrystals with several average diameters: a,d) 3.1 nm, b,e) 5.1 nm,
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Figure 3. PL spectra of toluene solutions containing SiINC/PS hybrid
materials with indicated mean particle sizes.
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a b illustrates how polymerization is expected to
C1s .
proceed. Rather than relying upon thermally
induced homolytic cleavage of Si-H bond,*4
3 ) or the presence of an external radical ini-
£ g tiator,®] styrene can thermally selfinitiate
z = producing radicals via a Diels-Alder cycload-
g g dition.ll Besides the initiation of styrene
E . = polymerization in solution, these radicals can
T .
abstract hydrogen atoms from the Si-H ter-
minated SiNC surface and the resulting silyl

T T T T T T T
294 292 290 288 286 284 282
Binding Energy (eV)

Figure 4. High-resolution XPS spectra of carbon (1s) and silicon (2p) for SiNCs/PS hybrid
material. Fitting results are shown for the silicon spectrum with Si 2p;, signal shown. The Si

2py, signals have omitted for clarity.

Survey X-ray photoelectron (XPS, not shown) and Energy
Dispersive X-ray spectra (EDX) indicate the present SiNC/PS
hybrids contain only silicon, oxygen and carbon. High-resolu-
tion XPS analyses further supports the formation of PS func-
tionalized SiNCs. The C 1s emission located at 284.8 eV and a
second emission at 291.6 eV (Figure 4a) substantiate the pres-
ence of aromatic groups (i.e., phenyl rings).’) Multi-compo-
nent features appear in Si 2p spectral region (Figure 4b). For
clarity only the Si 2p;;, components of the spin-orbit coupling
pairs are displayed. Consistent with previous reports of func-
tionalized SiNCs,%] an emission attributable to elemental Si is
noted at 99.3 eV. Other fitted features (i.e., 100.4, 101.6, 102.4
and 103.4 eV) are readily assigned to Si-C and silicon oxides.l*”]

To investigate the impact of SINC concentration on hybrid
material properties, a series of materials were prepared using
varied concentrations of 3 nm diameter SiNCs. The SiNC con-
tent was determined using thermal gravimetric analysis (TGA,
Figure S4, Supporting Information). We note that in order to
achieve complete SiNC functionalization, qualitatively deter-
mined by the formation of a non-opalescent solution, that
longer processing times are required when more NCs are pre-
sent (15 h for 0.8 wt% SiNCs, 59 h for 2.4 wt% SiNCs). The
origin of this phenomenon is currently unclear and is the sub-
ject of ongoing investigation. Gel-permeation chromatography
(GPC) provides molecular weight information for the SiNC/PS
hybrids (Figures S5,S6, Supporting Information). Two major
components are observed: a weak signal indicating a compo-
nent with M,, several million g/mol and a second more intense
peak is found at longer retention time corresponding to M, =
200 000-330 000 g mol™l. We tentatively attribute the larger
molecular weight component to PS functionalized silicon parti-
cles, while those molecules with smaller M, values are free PS
formed during hydrosilylation.

As noted above, styrene has been a SiNC surface functionali-
zation of choice because of the favorable solution properties and
stability this surface modification endows. Surprisingly, reports
of polymerization/oligomerization of styrene on/from the sur-
face of SiNCs are rare.’!l Previously, styrene polymerization the
presence of Si nanoparticles has been attributed to the homo-
lytic cleavage of the Si-H bond.[") While this reaction mecha-
nism likely active at high reaction temperatures (i.e., 2150 °C),
there is little question it is not the dominant reaction pathway
for the comparatively low temperatures reported here. Scheme 2

T T T T T T T T T T
107 106 105 104 103 102 101 100 99 98 97
Binding Energy (eV)
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radicals are free to react with solution-phase
styrene. This would form a Si-C bonds and
new radicals localized on the beta-carbon of
the surface bonded moiety which can subse-
quently react with more styrene to produce
surface bonded oligomers/polymers or react
in a surface chain-hydrosilylation reaction.l’] Finally reactions
end with radical-radical termination events. A more detailed
study of the polymerization mechanism and the roles of var-
ious additives are the subjects of ongoing investigations.

One of the primary goals of developing of functional hybrid
materials like the SINC/PS hybrids presented here is to effec-
tively combine the characteristics of the constituent compo-
nents. Photoluminescent response, solution processability, and
chemical stability are key properties of the present systems. To
demonstrate the unification and utility of these hybrid char-
acteristics we describe the fabrication and properties of three
photoluminescent prototype PS/SiNCs micro/nanostructures.

Photoluminescent optical fibres were fabricated upon by
solution-coating of the interior surfaces of commercially avail-
able quartz capillaries. A toluene solution of the SiNC/PS (d =
3 nm) was drawn into a fiber that had been freed from its pro-
tective polyimide coating. Following evaporation of the solvent,
a smooth thin film of the hybrid is formed on the inner capil-
lary wall (see Figure 5). To approximate residual solvent content,
TGA analysis of a thin film sample was performed indicated
some toluene (ca. 8 mass %) remained (see Figure S7, Sup-
porting Information). This solvent content exhibits no obvious
influence on material properties. While the coating layer cannot
be imaged directly with an optical microscope, intense uniform
red PL couples the whole fiber under 488 argon laser irradia-
tion (Figure 5f,g). Scanning electron microscopy (SEM) shows a
smooth =1.5 um thick polymer layer (Figure 5a—d).

To extend our solution coating procedure and fabricate
nanoscaled structures it was necessary to determine if the
present hybrids were resistant to the basic etching environ-
ment used to remove our nano-templates of choice (i.e., anodic
aluminum oxide, AAO). This is particularly true considering
hydride-terminated SiNCs are readily oxidized and their lumi-
nescence compromised upon exposure to basic solutions./%!
Reports also indicate the SiNC-based luminescence of hybrid
materials decreases, is compromised or blue-shifts upon treat-
ment with NH,OH or NaOH solutions despite encapsula-
tion.[%! To investigate resistance our hybrids to strongly basic
conditions, samples were cast as transparent SiNC/PS lumi-
nescent thin films with thicknesses in the range of 45-60 um
(see Figure 6). These films were immersed for 15— and 30-day
intervals in NaOH aqueous solutions (19.4 m) followed by
evaluation of their morphology, texture, as well as the intense

Adv. Funct. Mater. 2014, 24, 1345-1353
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Scheme 2. Possible routes for the PS functionalization of hydride terminated silicon nanocrys-
tals. Note (*) indicates multiple products co-exist during the initiation step.[® Silicon surface
radicals might also be created by the hydrogen transfer from the surface to ligand radica

which is not shown here for clarity.

PL- negligible changes were detected (Figure 6a) in the optical
response however some minor damage to the outer polymer
surface was noted (Figure 6d). Freestanding thin films (i.e.,
thickness =500 nm) were also prepared via spincoating (see
Figure S8, Supporting Information) and were exposed to sat-
urated aqueous NaOH solutions for 7 days and not material

Adv. Funct. Mater. 2014, 24, 1345-1353
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degradation was detected at the sensitivity of
SEM.

Having established our hybrids are chemi-
cally resistant, we endeavored to exploit their
properties and fabricate hybrid nanostruc-
tures using a sacrificial template as summa-
rized in Scheme S1, Supporting Information.
Briefly, a piece of commercial available AAO
bearing pore sizes in the range of d = 250-
300 nm (Figure S9, Supporting Information)
was dropcoated with a toluene solution of
SiNC/PS (d = 3 nm). A glass slide was placed
on top of the template and gently pressed
resulting in a uniform thin film on top of the
AAO. The hybrid solution was draw in the
nanopore by capillary action. The solvent was
evaporated upon standing in ambient condi-
tions to yield a highly luminescent solid, film
bearing hybrid nanofibers was obtained (see
Figure 7). The established chemical resist-
ance of the polystyrene component of the
hybrid enabled basic etching of the AAO
template without an detectable deterioration

Ph of SiNC optical response. Following template
Ph removal, no trace aluminum was detected
B at the sensitivity of the EDX technique con-

sistent with complete template removal. SEM
images of the liberated thin films clearly
show bundles of flexible nanofibres with the
diameter of =250 nm and lengths exceeding
30 um (Figure 7c—f). The interface between
the surface film layer and nanofibres is
shown in Figure 7f. The thin film is =3 um
thick with smooth surface. On the interface
we also notice the branch-like ends of the
nanofibres that can be reasonably attributed
to pore branching within the AAO template.

3. Conclusions

In summary, we have reported a straightfor-
ward synthetic route for preparing highly
luminescent, solution processable SiNC/PS
hybrid materials. Hydride-terminated SiNC
surface have been surface modified with
PS using size-independent radical-initiated
hydrosilylation and detailed material infor-
mation including, composition, optical prop-
erties and particle distribution, has been
obtained. Combining the properties of SiNCs
with PS significantly increases solubility
rendering the particles solution processable
and provides the opportunity to fabricate uniform nano- and
microscale architectures. Furthermore, the polystyrene matrix
renders SiNC chemically resistant to prolonged exposure to
strongly basic conditions. Ongoing work will further investi-
gate the fabrication of SiNCs hybrid materials with other func-
tional polymers and co-polymers to understand the interaction

| [44]
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between SiNCs and conjugated polymers and
further broaden their potential applications.

4. Experimental Section
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Reagents and Materials: Hydrogen silsesquioxane
(HSQ) was purchased from Dow Corning
Corporation (Midland, MI) as FOx-17. Electronics
grade hydrofluoric acid (HF, 49% aqueous
solution) was purchased from |. T. Baker. Reagent
grade methanol, toluene, and ethanol, as well
as T-dodecene (97%) and styrene (99%) were
purchased from Sigma Aldrich and used as
received. Styrene was purified by passing over
neutral alumina immediately prior to use. Anodic
Figure 5. a—d) SEM images of optical fibers with 3 nm SiNC/PS coating on the inner wall. Dotted ~ aluminum oxide (AAO) membranes with 200 nm
lines indicate the coating layer. e) Optical microscope and f,g) Fluorescence microscope images ~ pores were obtained from Whatman.
of the fibers with red emission from f) the top and g) cleaved end shown upon 488 nm excitation. Preparation of Oxide-Embedded SiNCs (3 nm):
Established literature procedures were used to
prepare oxide-embedded silicon nanocrystals
(SINC/SiO,).7% Briefly, solvent was removed from
the stock HSQ solution under vacuum to yield a
white solid. The solid (=4 g) was placed in a quartz
reaction boat and transferred to a Lindberg Blue
tube furnace and heated from ambient to a peak
processing temperature of 1100 °C at 18 °C min™
in a slightly reducing atmosphere (5% H,/95% Ar).
The sample was maintained at the peak processing
temperature for 1 h. Upon cooling to room
temperature, the resulting amber solid was ground
into a fine brown powder using a two-step process.
The solid crushed using an agate mortar and pestle
to remove large particles and finally ground to a fine
powder using a Burrell Wrist Action Shaker upon
shaking with high-purity silica beads for 5 hours.
Wavelength (nm) d before The resulting SiNC/SiO, powders were stable for

extended periods and stored in standard glass vials.

Preparation of Oxide-Embedded SiNCs (d =
5 nm and 8 nm): After grinding with a mortar and
pestle (vide supra), 0.5 g of SiNC/SiO, composite
containing 3 nm SiNCs were transferred to a
high temperature furnace (Sentro Tech Corp.)
for further thermal processing in an inert argon
atmosphere. This procedure leads to particle
growth while maintaining relatively narrow particle
size distributions. In the furnace, the SiNC/
SiO, composite was heated to appropriate peak
processing temperatures at 10 °C min~' to achieve
the target particle size (i.e., 1200 °C for 5 nm
NCs and 1300 °C for 8 nm NCs). Samples were
maintained at the peak processing temperature for
1 h. After cooling to room temperature, the brown
composites were ground using procedures identical
to those noted above.

Liberation of SiNCs: Hydride-terminated SiNCs
were liberated from the SiNC/SiO, composite
by HF etching. Predefined quantities of SiNC/
SiO, composite corresponding to the final hybrid
SiNC loading (i.e., 0.8, 1.6, and 2.4 wt% SiNC/
polystyrene hybrids, 0.25 g, 0.50 g, and 1.0 g of
ground SiNC/SiO,, respectively) were transferred
to a polyethylene terephthalate beaker equipped
Figure 6. Characterizations of PS functionalized 3 nm SiNC/PS thin film before and after base  with a Teflon coated stir bar. Ethanol (3 mL) and
solution resistance test. a) PL spectra and b) images showing their luminescent property before  water (3 mL) were added under mechanical stirring
and after the test: i) before the test; ii) 15 days after, and iii) 30 days after (scale bar: 1cm).c,d) SEM  to form a brown suspension followed by 3 mL of
images of thin film before and after the immersion test (c) side view, d) top view, scale bar: 50 um).  49% HF aqueous solution (Caution! HF must be

Q
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Figure 7. a) Luminescent nanofibres fabricated by 3 nm SiNC/PS hybrid material by facile drop-casting approach. b) EDX showing the existence of
silicon, carbon and oxygen signals. Cu signals arise from the sample grid. c—f) SEM images of nanofibres liberated from the template.

handled with extreme care). After 1 h of etching in subdued light the
suspension appeared orange/yellow. Hydride-terminated SiNCs were
subsequently extracted from the aqueous layer into =30 mL of toluene by
multiple (i.e., 3 x 10 mL) extractions. The SiNC toluene suspension was
transferred to test tubes and the SiNCs were isolated by centrifugation
at 3000 rpm.

Formation SiNC/Polystyrene Hybrids: After decanting the clear toluene
supernatant, hydride-terminated SiNCs were dispersed in 12 mL of
a 1:1 styrene:toluene mixture to yield a cloudy suspension that was
transferred to a dry 100 mL Schlenk flask equipped with magnetic stir
bar and attached to an argon charged Schlenk line. The reaction mixture
was subjected to three freeze—pump-thaw cycles and finally backfilled
with argon. The temperature was increased to 110 °C in an oil bath
under a static argon atmosphere. The reaction mixture was stirred for a
minimum of 15 h to yield a transparent orange solution.

Following cooling to room temperature, equal volumes of the
orange solution were dispensed into 4 test tubes and 10 mL of ethanol
was added yielding a cloudy light yellow dispersion. The precipitate was
isolated by centrifugation at 3000 rpm for 10 min. The supernatant was
decanted and the precipitate was redispersed in a minimum amount
(=5 mL) of toluene with ultrasonication for 0.5 h and subsequently
reprecipitated by addition of ethanol. This dissolution/precipitation/
centrifugation procedure was repeated twice. Finally, the purified hybrid
material were redispersed in toluene, filtered through a 0.45 um PTFE
syringe filter and dried under vacuum for 12 h to yield an amber solid
that was stored in vial for further use.

Fabrication of Polystyrene/SiNC Coated Fibers: Polyimide coated fused-
silica capillary tubing was purchased from Polymicro Technologies with
a 102 um inner diameter (ID) and a 164 um outer diameter (OD).
Tubing was cleaved into ca. 5 cm long pieces, placed in a quartz boat
and transferred into a tube furnace (Barnstead Thermolyne 21100).
The tube was evacuated with a roughing pump and backfilled with
oxygen, then heated at 650 °C for 45 min under a steady flow of
oxygen to remove the polyimide cladding layer. After cooling to room
temperature, fibers were stored in air in a covered plastic petri dish for
further use.

Coating of the internal surface of the capillaries was achieved by
dissolving 0.2 g of the 2.4 wt% SiNC (d = 3 nm)/polystyrene hybrid in
=3 mL of toluene. The end of the capillary was dipped into the toluene
solution causing it to be drawn into the tube by capillary action. The
fibers were subsequently placed perpendicularly in a glass vial and dried
in the air at room temperature for 24 h.

Fabrication of SiNC/Polystyrene Nanofibres: Anodic aluminum oxide
(AAO) membranes were placed on a standard glass microscope slide.
0.1 g of 0.8 wt% SiNC(d = 3 nm)/polystyrene hybrid was dissolved in
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3 mL of toluene and a predefined volume (i.e., 60 uL) of the solution
was drop-cast using a micropipette onto the top surface of the AAO. A
second glass slide was placed on top of the liquid and gently pressed
to form a “glass-liquid-AAO-glass” assembly. After drying in the air,
the glass slides were removed and the coated AAO was immersed in
10 m aqueous KOH for 24 h to remove the AAO template. The resulting
transparent film was washed with deionized water and ethanol and
finally dried in the air at room temperature for 24 h.

Fabrication and Stability of Freestanding SiNC/Polystyrene Thin Films:
The toluene solution (700 pL) used for AAO templated nanofiber
preparation (vide supra) was dropped into the wells of a glass spot
plate. The solvent was evaporated after 15-h in air at atmospheric
pressure resulting in a curved thin film that was readily released
from the glass surface. The chemical resistance of the thin films was
assessed by immersing it in a saturated NaOH solution for a predefined
time (i.e,, 15 days and 30 days) after which the photoluminescence
(PL) was evaluated. Before evaluation of PL response, samples
were rinsed with deionized water and ethanol, and dried in vacuum
for 24 h. For the fabrication of 500 nm-thick thin film, =25 uL
of the toluene solution used for AAO templated nanofiber preparation
was transferred onto a clean silicon wafer (1.5 cm x 1.5 ¢cm) and spin-
coated for 3 times with the speed of 3000 rpm for 30 s. Then the thin film
with the substrate was soaked in saturated NaOH solution for 7 days.
Finally the thin film was taken out and rinsed with deionized water and
ethanol, and dried in vacuum for 24 h before SEM measurement.

Material Characterization and Instrumentation: PL spectra were
obtained upon irradiating a quartz vial containing a toluene solution
of the sample in question with the 441 nm line of a GaN laser.
Emitted photons were collected with a fiber optic connected to an
Ocean Optics USB2000 spectrometer. The spectrometer spectral
response was normalized using a black body radiator. '"H NMR spectra
were recorded on an Agilent/Varian INova four-channel 500 MHz
spectrometer and referenced externally to SiMe,. FT-IR spectroscopy
was performed on uniform powder samples using a Nicolet Magna
750 IR spectrophotometer. Raman spectroscopy was performed using
a Renishaw inVia Raman microscope equipped with a 514 nm diode
laser on the sample. GPC was performed at 35 °C using THF (stablised
with 250 ppm BHT) as the eluent at a flow rate of 1 mL min™'. GPC
measurements were made using a Varian GMBH GPC50 instrument and
calibrated to polystyrene standards.

X-ray photoelectron spectroscopy was acquired in energy spectrum
mode at 210 W, using a Kratos Axis Ultra X-ray photoelectron
spectrometer. Samples were prepared as films drop-cast from solution
onto a copper foil substrate. CasaXPS (Vamas) software was used to
process high-resolution spectra. All spectra were calibrated to the Cls
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emission (284.8 eV) arising from adventitious carbon. After calibration,
the extrinsic loss structure in the background from each spectrum was
subtracted using a Shirley-type background. Sample compositions
were determined from the emission intensities of the survey spectra
using appropriate sensitivity factors. The high-resolution Si 2p region
of spectra were fit to Si 2p;/,/Si 2p3j, partner lines, with spin-orbit
splitting fixed at 0.6 eV, and the Si 2p;,/Si 2p;, intensity ratio was set
to 1/2.

Thermal gravimetric analysis was performed using a Perkin-Elmer
Pyris 1 TGA. Samples were heated in a Pt pan under N, gas from 20 to
900 °C at a rate of 10 °C min~.

Transmission electron microscopy and energy dispersive X-ray (EDX)
analyses were performed using a JEOL-2010 (LaBg filament) electron
microscope with an accelerating voltage of 200 keV. TEM samples of
SiNCs were drop-casted onto a holey carbon coated copper grid (SPI
supplies) and the solvent was evaporated in vacuum. Secondary electron
scanning electron microscopy images of the nanofibres were obtained
using field-emission SEM (JEOL JSM 7500F) with an accelerating voltage
of 0.5 to 1.0 kV. Optical fibers and thin films were imaged using JEOL
6307F field-emission SEM with an acceleration voltage of 5 kV. TEM and
SEM images were processed using Image| software (NIH). Particle size
distribution was processed by visual analysis of the images aided by
Image) software.

For the fluorescent imaging of the polymer-coated capillaries,
an Ar* laser (A = 488 nm) was applied at a pumping power of
300 mW. The beam was incident in free space through the side
of the optical fiber, which was placed on the stage of an epifluorescence
microscope. The resulting fluorescence was collected through a 10x
microscope objective (numerical aperture of 0.22) and imaged using a
color CCD camera (Fast 1394 FireWire, Retiga EX).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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