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Dehydrogenative coupling provides a convenient approach for forming Si—Si bonds in molecular systems
and on silicon surfaces. Most procedures require the use of transition metal catalysts, which can limit
adoption due to cost and contamination — this is particularly true when considering silicon nanoparticles
(SiNPs). We demonstrate a catalyst-free method that uses an ultrasonication bath and a radical initiator to
drive the dehydrocoupling reaction forward at room temperature to functionalize SiNP surfaces. This
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approach is tolerant of all types of silanes tested, including primary alkyl and aryl, secondary, and tertiary
silanes, and provides comparable reactivity to standard catalyzed systems (i.e., surface coverages of ~10%)
while maintaining SiNP photoluminescence response. To our surprise, this new functionalization
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Introduction

Silicon is the workhorse material for the electronics industry
and its unique nanoscale properties continue to draw substan-
tial attention.”” The tunable photoluminescence and biocom-
patibility of silicon nanoparticles (SiNPs) have enabled many
prototype applications including bioimaging,®> energy
storage,’® drug delivery,”' and flexible electronics.">™"*
However, SiNP properties can be compromised if exposed to
ambient conditions."””> The most common approaches for cir-
cumventing this is protecting their surfaces via passivation/
functionalization. Doing so renders silicon surfaces resistant
to the ambient environment and, depending upon the surface
moieties, imparts solvent compatibility and reactivity, and
strongly affects the luminescence.'®™"°

The most commonly applied methodology for tailoring Si
surface chemistry exploits the hydrosilylation reaction that for-
mally adds a Si-H bond across a multiple bond (e.g., carbon-
carbon double and triple bonds, C=0O bonds in ketones and
aldehydes, etc.).”® Hydrosilylation reactions can be initiated
photochemically, thermally, sonochemically, with radical
sources, or catalytically.>'® In order to expand the substrate
scope beyond Si-C bonds, and enable other reactivity, it is
useful to consider reaction types such as dehydrogenative
coupling.
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approach is the first reported approach that provides controlled synthesis of amorphous SiNPs.

Molecular dehydrogenative coupling has been studied for
more than a century.”*?° Silicon-silicon bond formation
involves the formal cleavage of two Si-H bonds and the for-
mation of a Si-Si bond with the corresponding release of H,. It
is well-established that this reaction is influenced by the
degree of substitution at the silicon center and that an
increased number of substituents decreases reactivity.>'"*°
Dehydrogenative coupling has also been extended to Si surface
chemistry.>”° Silicon wafers have been functionalized with
primary alkyl silanes under thermally-activated conditions
(i.e., 80 °C).>® Porous silicon surfaces were also modified with
primary silanes using a zirconocene catalyzed reaction.’”
Under these conditions, aryl silanes were found to be the most
reactive while surface grafting of aliphatic silanes was also
possible. We also used Wilkinson’s catalyst to facilitate dehy-
drogenative coupling on silicon nanoparticle (SiNP) surfaces,
however the luminescence of the SiNPs was compromised by
trace metal impurities.>® Realizing a metal-free method to
promote dehydrogenative coupling on SiNP surfaces while pre-
serving material optical properties is clearly an attractive target
that offers increased surface chemistry versatility, particularly
if the substrate scope can be expanded (e.g. to secondary and
tertiary silanes, which do not exhibit reactivity with current
methods) without compromising reactivity.

Ultrasonication has emerged as a convenient, room temp-
erature method for initiating hydrosilylation on SiNP surfaces
that has the potential to activate dehydrogenative coupling
without metal-based catalysts. It creates acoustic cavitation
bubbles that produces localized areas of extreme temperature

This journal is © The Royal Society of Chemistry 2026
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and pressure (ie., 5000 K and 1000 bar).****> Herein, we
present our investigations into room temperature sonochem-
ical-initiated dehydrogenative coupling of silanes on SiNP
surfaces.

Materials

Sulfuric acid (reagent grade, 95-98%) was purchased from
Caledon Laboratory Chemicals. Hydrofluoric acid (HF; elec-
tronics grade, 48-50%) was purchased from Fisher Scientific.
Dodecylsilane (>95%), diisopropylsilane (>95%), and trioctylsi-
lane (>95%) were purchased from Gelest. Fuming sulfuric acid
(reagent grade, 20% free SO; bases), trichlorosilane (99%),
toluene (HPLC grade), methanol (reagent grade), ethanol
(100%, reagent grade), 2,2-azobis(2-methyl propionitrile)
(98%), 1-dodecene (95.0), and benzene (anhydrous, 99.8%)
were purchased from Sigma Aldrich. A PureSolv purification
system (Innovative Technology, Inc.) equipped with N, as the
operating gas was used to prepare dry toluene. Air- and water-
free reagents (1-dodecene, methanol) were prepared via three
freeze-pump-thaw cycles and addition of activated molecular
sieves. All reagents and solvents were used as received unless
otherwise specified.

Preparation of hydrogen silsesquioxane

Hydrogen Silsesquioxane (HSQ) was synthesized using a modi-
fied literature procedure.”® Briefly, a mixture of concentrated
(70 mL) and fuming sulfuric acid (32.5 mL) was prepared in a
three-neck round bottom flask purged with argon and
equipped with an addition funnel and a Teflon coated stir bar.
Dry toluene (210 mL) was then added to the acids via the
addition funnel to obtain two layers. A mixture of dry toluene
(510 mL) and trichlorosilane (75 mL) was prepared and sub-
sequently added dropwise into the acid-toluene mixture. The
toluene layer was isolated and washed with an aqueous sulfu-
ric acid (33% v/v) solution. The organic layer was then dried
over solid MgSO, and CaCO; for 12 h, followed by centrifu-
gation at 11 000 RPM (12 739g) and suction filtration to remove
the excess solid. Finally, the solvent was removed using rotary
evaporation and dried in vacuo to yield ca. 20 g of a white solid
(66% yield). The HSQ was stored under vacuum in the dark
until use.

Preparation of SiNP/SiO, composite

SiNPs were prepared via thermal disproportionation of HSQ,
using well-established procedures developed in our labora-
tory.*> HSQ (ca. 3 g) was heated in an yttria stabilized zirconia
boat (Almath Crucibles, Ltd) inside of a standard laboratory
tube furnace (SentroTech, STT-1600C) to 1100, 1200, or
1300 °C under Ar flow to yield a SiNP/SiO, composite compris-
ing a silica matrix containing ca. 3, 6, and 9 nm Si(0)
inclusions, respectively. The composite was then mechanically
ground using an agate mortar and pestle followed by shaking
with glass beads in ca. 300 mL of absolute ethanol using a
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standard wrist action shaker for 12 h. Filtering and drying
quantitively provided a fine brown powder.

Preparation of hydride-terminated Si nanoparticles

The SiNP/SiO, composite (ca. 500 mg) was dispersed in a
1:1:1 mixture of ethanol:distilled water:48% hydrofluoric
acid (total volume 15 mL) in a PET beaker and stirred using a
Teflon coated stir bar for ca. 1 h. Toluene (ca. mL) was added
to the etching mixture to recover the hydrophobic hydride ter-
minated silicon nanoparticles (H-SiNPs). The toluene layer was
decanted and the extract was subsequently centrifuged at 3500
RPM (1300g), the clear colourless toluene layer was decanted,
and the orange pellet was washed twice more with fresh
toluene (2 x 5 mL) and recovered each time upon centrifu-
gation. These H-SiNPs were used immediately in functionali-
zation reactions (see below) after purification.

Sonochemical dehydrocoupling procedure

In a typical reaction, a standard microwave reactor vial
(Biotage Product 354 833) was loaded with dry toluene (ca.
4 mL) and the silane of choice (ca. 0.2 mL) and sealed with a
septum cap (Biotage Product 352298) inside of an Ar filled glo-
vebox. The sealed vial was removed from the glovebox and a
suspension of H-SiNPs (ca. 25 mg) in dry toluene (1 mL) was
added via syringe transfer. Subsequently, a radical initiator of
choice (i.e., 100 mg of 2,2-azobis(2-methyl propionitrile)
(AIBN) or 150 mg of benzoyl peroxide,) was dissolved in 1 mL
of dry toluene and transferred to the reaction vial via syringe.
The vial was then placed in a standard ultrasonic bath (Fisher
Scientific, FS125) at 42 kHz for 24 h. A water circulation system
(Thermo Scientific, Neslab RTE 7) was used to maintain the
water level and bath temperature at 25 °C throughout the reac-
tion. The sealed reaction vial was then removed from the soni-
cation bath and the contents directly transferred to a centri-
fuge tube. Methanol (ca. 5 mL) was added to the centrifuge
tube to induce precipitation of the functionalized SiNPs and
the resulting solid product was isolated via centrifugation a
11000 RPM (12739g2) for 20 minutes. The functionalized
SiNPs were then redispersed in dry toluene (ca. 1 mL) without
sonication and then methanol (ca. 5 mL) was added to induce
precipitation. The precipitate was then isolated via centrifu-
gation at 11000 RPM (12739g) for 20 minutes. This dis-
persion/centrifugation procedure was repeated twice. The puri-
fied functionalized particles (ca. 25 mg) were then dispersed
without sonication in a minimum amount of benzene (ca.
1 mL) and freeze-dried before being characterized by FT-IR,
TGA, XPS, and STEM.

Fourier-transform infrared spectroscopy

Samples of hydrogen-terminated and functionalized SiNPs for
FT-IR analyses were prepared by drop casting from dry toluene
suspensions onto silicon wafers. The solvent was evaporated,
and spectra were then acquired using a Thermo Nicolet 8700
FT-IR Spectrometer equipped with a microscope.

Nanoscale, 2026, 18, 5544-5552 | 5545
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Thermogravimetric analysis

Thermogravimetric analysis was obtained using a PerkinElmer
Pyris 1 system in a flowing Ar atmosphere. Samples were pre-
pared by loading functionalized SiNPs (ca. 2-5 mg) into a plati-
num pan and heating over a range of 20-700 °C, at a rate of
10 °C min~". Surface coverage was estimated from TGA mass
loss data as described in the SI.

X-Ray powder diffraction

Powder samples were placed on a zero-background Si(100)
wafer and analyzed in a Bruker D8 Advance powder diffract-
ometer, using a SSD160 detector and a Cu radiation source
(Ky1 = 1.54056 A), operating at 40 kV and 40 mA.

X-Ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed using a
Kratos Axis 165 Ultra X-ray photoelectron spectrometer
equipped with a monochromatic Al Ko radiation source
(1486.6 eV) operating at 210 W. High-resolution spectra were
measured using an analyzer pass energy of 20 eV and a step of
0.1 eV. For survey spectra, a pass energy of 160 eV and a step of
0.5 eV were used. Spectra were calibrated to C 1s 284.8 eV
using adventitious carbon. Sample preparation involved adher-
ing solid SiNPs to carbon tape on a metal loading bar.
Samples were analyzed and fit using CasaXPS, utilizing a
Shirley-type background. The Si 2p region was fit using estab-
lished values for the Si 2p;,, and Si 2p;/, spin-orbit coupling
of 0.63 eV, with doublet area ratios fixed at 1:2 and full-width
at half-maximum ratios fixed at 1: 1.

Scanning/transmission electron microscopy

Scanning/transmission electron microscopy (S/TEM) images
were collected on a JEOL JEM-ARM200CF microscope with a
Cold Field Emission Gun source. Images were collected with
an accelerating voltage of 200 kv. TEM samples were prepared
by depositing a drop of a dilute toluene suspension of SiNPs
onto a holey or ultra-thin carbon-coated copper grid (Electron
Microscopy Inc.). The grid bearing the sample was kept in a
vacuum chamber at a base pressure of 0.2 bar for at least 24 h
prior to data collection.

Photoluminescence measurements

Photoluminescence (PL) spectra were acquired by exciting
samples using the combined 352 and 364 nm lines of an
argon ion laser and collecting the emission using an optical
fiber interfaced to an Ocean Optics USB 2000+ Spectrometer. A
425 nm long-pass filter (LPF) was used to eliminate scattered
light from the excitation source. The spectral intensity was cali-
brated using a blackbody radiator. Samples were prepared by
dispersing the solids in toluene until the mixture was mostly
clear (~2 mg mL™") and transferring ~4 mL into a 1 cm x 1 cm
quartz cuvette.

5546 | Nanoscale, 2026, 18, 5544-5552

View Article Online

Nanoscale

Results and discussion

In this report, SiNPs of defined diameters (i.e., 3 and 6 nm)
were synthesized via thermal processing of HSQ. This well-
established procedure yields silicon oxide composites contain-
ing well-defined Si(0) nano-inclusions that liberated from the
oxide matrix upon ethanolic hydrofluoric acid etching.** The
resulting hydrogen-terminated SiNPs (i.e., H-SiNPs) were func-
tionalized using sonochemically-initiated dehydrogenative
coupling. Reaction products were characterized to assess the
resulting surface (i.e., identity and extent of functionalization),
crystallinity of the SiNP core, degree of surface oxidation, and
optical properties.

All H-SiNPs were orange/amber solids and exhibited poor
compatibility with common organic solvents. The FT-IR spec-
trum of freshly etched 6 nm H-SiNPs (Fig. 1a) is representa-
tive of all nanoparticle starting materials and exhibits a pro-
minent Si-H stretching band at 2100 cm™'. We also note a
comparatively weak Si-O-Si stretching feature near
1000 cm™* that we attribute to minor oxidation arising from
ambient exposure during sample handling. The limited
solvent compatibility of H-SiNPs hindered effective sample
preparation for electron microscopy and limited the utility of
these methods.

As expected, H-SiNPs form opaque suspensions in toluene-
based silane solutions. After sonicating for 24 h in the pres-
ence of radical initiator a notable change in the appearance of
the reaction mixture is observed suggested the SiNPs had
become more compatible with the organic solvent. This obser-
vation is consistent with previous dehydrocoupling-based
nanoparticle functionalization (Fig. S1)**> and can be qualitat-
ively attributed to surface modification arising from reactions
between the H-SiNPs and the silanes.*®*°*8

In order to determine the extent of the reactivity, we first
utilized FT-IR spectroscopy. For convenience we will discuss
the representative results for the reaction between 6 nm
H-SiNPs, AIBN and dodecylsilane sonicated for 24 h at room
temperature. Similar results for 3 nm SiNPs are provided in
the SI. There was no evidence supporting functionalization
(i.e., FT-IR, TGA, etc.) for short reaction times, nor for reaction
mixtures that did not include a radical initiator (Fig. S3). The
FT-IR spectrum (Fig. 1a) shows a sharp feature at 2900 cm™*
that is consistent with C-H stretching,’>*° and the Si-H
stretching feature at 2100 cm™" is significantly diminished
compared to the H-SiNPs that are all indicative of surface
functionalization. The Si-O-Si feature at ca. 1000 cm™" is con-
sistent with limited oxidation arising from ambient oxidation.
These spectral features, together with the change in solvent
compatibility are consistent with surface grafting of the silane.
Successful surface functionalization is also supported by TGA
data (Fig. 1b) that provides a surface coverage of ca. 6% (see SI
for calculation details). This degree of functionalization is con-
sistent with other reports involving metallocene-catalyzed
dehydrocoupling reactions on silicon surfaces (e.g., reports of
octadecylsilane and hexylsilane leading to surface coverages of
3 and 8%, respectively).’”

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) FT-IR spectra of H-SiNPs (top) and dodecylsilane-terminated SiNPs (bottom). (b) TGA curve of dodecylsilane-NPs (c) XRD patterns of

H-SiNPs, dodecylsilane-NPs, and calculated bulk Si and (d) Bright-field TEM image of dodecylsilane-SiNPs.

Turning our focus to the physical integrity of the SiNPs, we
investigated their crystallinity using powder X-ray diffraction
(Fig. 1c). The patterns reveal dramatic broadening of the charac-
teristic Si reflections after functionalization that is consistent
with amorphization.”"**> There may be many possible causes of
this degradation in SiNP crystallinity. For example, an amor-
phous layer of silane polymer may form on the SiNP surface,
SiNPs may oxidize, and/or reactions involving surface tethered
silanes and the underlying core could occur. The comparatively
low mass loss observed in TGA analysis precludes the possibility
that a surface bonded silane-based polymer is formed, and
while there is evidence for limited surface oxidation in the FTIR
and XPS spectra (vide infra), the present observations are con-
sistent with other functionalization methods.*® In addition,
when the dehydrogenative coupling reaction is performed
under identical conditions in the absence of one reactant (i.e.,
without silane or radical initiator), the SiNP crystallinity was pre-
served (Fig. S2). These observations suggest that surface tether-
ing of a silane provides a pathway for compromising particle
crystallinity. Having noted this loss of crystallinity, we sought to
investigate if particle morphology was also compromised.
Bright-field TEM imaging (Fig. 1d) reveals heavily agglomerated/
aggregated particles consistent with the poor solution compat-
ibility of SiNPs with limited surface functionalization. Even so,
it is possible to observe clusters of intact particles and at the
edges of clusters, showing that the morphology of the starting
material was preserved (Fig. S4).

This journal is © The Royal Society of Chemistry 2026

XPS was performed in order to confirm the composition
and silicon oxidation states of the functionalized SiNPs. The
survey XP spectrum (Fig. S5) confirms that the SiNPs consist of
only Si, C and O with evidence of trace (ca. 1%) F.>* A represen-
tative high-resolution spectrum of the Si 2p region obtained
from sonication of H-SiNPs with dodecylsilane and AIBN is
presented in Fig. 2a. Standard fitting of the spectral envelope
based on the known silicon oxidation states reveals a large Si
(0) contribution (26 atomic %, centered at 99.5 eV), with
smaller components arising from Si(1) (4 atomic %, centered
on 100.5 eV) and Si(m) (17 atomic %, centered on 102.5 eV),
and a dominant contribution from Si(v) (53 atomic %, cen-
tered on 103.4 eV).>* These results are consistent with the
observations and analyses discussed above, and we may con-
clude that the as-prepared SiNPs undergo slightly more oxi-
dation compared to other functionalization methods (ie.,
hydrosilylation), consistent with the lower surface coverage.

We previously demonstrated that amorphous shells on
silicon nanoparticle surfaces influence the photo-
luminescence.>® Looking to the photoluminescence spectrum
of silane-SiNPs prepared here (Fig. 2b), we note that small par-
ticles known to possess a disordered core show a PL maximum
(Amax = 610 nm) and bandwidth (140 nm) consistent with that
observed for SiNPs functionalized using other methods.*®
Looking to the spectrum of the 6 nm particles that contain a
core that is more ordered,’® we find that the PL maximum
(Amax = 752 nm) is consistent with that observed for SiNPs

Nanoscale, 2026, 18, 5544-5552 | 5547
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Fig. 2 (a) High Resolution Si 2p XP spectrum of 6 nm dodecylsilane SiNPs sonicated for 24 h with AIBN. Si 2p;,, envelopes omitted for clarity. (b)

Normalized photoluminescence spectra of 3 (purple) and 6 (black) nm dodecylsilane-SiNPs sonicated for 24 h with AIBN.

modified using standard hydrosilation methods, however the
bandwidth is somewhat broadened (i.e., 194 vs. ca. 175 nm),
likely because of their increasingly amorphous character.

Silane substitution effects

Having observed reactivity with a primary alkyl silane, we
expanded the reagent scope. The substitution of the silane can
have a significant impact on its reactivity - in previous studies,
aryl and alkyl primary silanes led to different surface coverages
(i.e., 14% vs. 3%), with aryl silanes being much more reactive
on porous silicon.>” We elected to test the reactivity of phenyl-
silane here, and subjected it to the same sonochemical dehy-
drocoupling conditions used for dodecylsilane. The results are
presented in Fig. 3. The FT-IR spectrum (3a) reveals vibrations
corresponding to CH, stretching and bending at ca. 2950 cm™*
and 1400 cm™’, Si-H stretching at 2100 cm™', and Si-O-Si
stretching at ca. 1090 cm™". These assighments are consistent
with a small amount of phenylsilane amidst a partially oxi-
dized Si-H surface; this is also supported by a surface coverage
of 5%, obtained from TGA (3b). These results are comparable
to those obtained for our representative alkyl silane - there-
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fore, we conclude that the reactivities of aryl and alkyl silanes
are comparable with the present sonochemical method.

The next step in examining the reagent scope was to investi-
gate secondary and tertiary silanes, because in molecular
systems these reagents are less reactive under conditions used
for their primary analogues.*" Additionally, previous dehydro-
coupling studies of silanes on silicon surfaces focused only
the reactivity of primary silanes.’”** Diisopropylsilane and
trioctylsilane were the secondary and tertiary silanes of choice,
respectively. They were subjected to the same reaction con-
ditions as the primary silanes, and the results are presented in
Fig. 4. FT-IR confirms that the C-H, absorptions at 2900 cm ™"
and 1400 cm™" are present in both samples. Residual Si-H
stretching is also observed at 2100 cm™", and Si-O-Si stretch-
ing at 1000 cm™" is present in both samples. TGA (Fig. 4b)
indicates a similar surface coverage of both silanes to that of
dodecylsilane, ca. 8%. As in the aryl vs. alkyl case, we observe
no significant dependence of the reaction on the silane used,
as both secondary and tertiary silanes lead to similar levels of
surface coverage as the primary silane does, in contrast to
molecular catalyzed systems. We also observe the same loss of
crystallinity in the secondary and tertiary systems, with com-

100
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98 s
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97 B

95

T T T T T T
0 100 200 300 400 500 600

Temperature (°C)

(a) FT-IR spectrum and (b) TGA curve of 6 nm phenylsilane-SiNPs sonicated for 24 h in the presence of AIBN.
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Fig. 4 (a) FT-IR Spectra and (b) TGA curves of diisopropyl- (blue) and trioctyl- (red) functionalized 6 nm SiNPs. XP Spectra of (c) diisopropyl- and (d)

trioctyl-functionalized 6 nm SiNPs.

parable XRD and PL spectra presented in the SI (Fig. S6 and
S7).

High-resolution Si 2p XP spectra of the secondary and ter-
tiary silane-SiNPs are presented in Fig. 4c and d, respectively.
The fitted spectral envelopes show larger proportions of Si (i)
compared to the primary silane case (i.e., 17 atomic %, vide
supra). The diisopropyl-functionalized SiNPs show Si(ur) at 27
atomic % (with smaller Si(iv) and Si(u) components of 3
atomic %, 11 atomic % Si(1), and 55% Si(0)), while the trioctyl-
silane-functionalized SiNPs show Si(m) at 49 atomic %, com-
pared to a Si(v) contribution of 40 atomic %. It also features a
smaller Si(0) contribution of 7 atomic %. These XP spectra are
consistent with partially functionalized particles that have oxi-
dized; however, the oxidation is not the traditional Si(iv)-domi-
nated composition arising from SiO,.

With a variety of silanes demonstrating reactivity, it is of
importance to compare the effectiveness of the present sono-
chemical method to other high temperature (i.e., 80 °C) cata-
lyst-free dehydrocoupling methods that have been used to
modify silicon surfaces.*® The FT-IR and TGA plots of the pro-
ducts resulting from heating each of dodecylsilane, diiso-
propylsilane, and trioctylsilane with H-SiNPs at 80 °C are pre-
sented in Fig. 5. The thermal reaction involving dodecylsilane
results in a similar degree of functionalization to the present
sonochemical case, with a ca. 8% surface coverage and the
expected peaks in the FT-IR spectrum (i.e., C-H,, Si-H, Si-O-
Si). The other two silanes, conversely, show no C-H, stretching

This journal is © The Royal Society of Chemistry 2026

peaks in the FT-IR spectra, and TGA indicates negligible mass
loss, leading us to conclude that no functionalization took
place. In addition, the XRD spectra (Fig. S8) show that both
the dodecylsilane-SiNPs and the diisopropylsilane-SiNPs main-
tain their crystallinity, in contrast to the sonochemical
samples. Thus, the sonochemical reaction leads to functionali-
zation with substituted silanes where the thermal reaction
does not, and leads to comparable coverage in the case of
primary silanes. Furthermore, it allows for the formation of
amorphous SiNPs, in contrast with nanoparticles prepared by
the thermal reaction.

In order to explain the reactivity of the secondary and ter-
tiary silanes, we consider the reaction mechanism, and poss-
ible differences from the thermal method. The sonochemical
reaction requires a radical initiator to proceed over the time-
frames studied, and thus the mechanism must involve
radical activation. Ultrasonication alone does provide radicals
resulting from surface bond breakage; the need for a radical
initiator suggests sonication alone leads to an insufficient
radical concentration to activate silanes. The addition of a
radical initiator can meet the threshold for reaction by pro-
viding more radicals, activated under sonication conditions.
The thermally activated method, in contrast, proceeds at
elevated temperature without a radical initiator, and the
addition of a radical initiator does not provide any benefit,
with 24 h still being required to achieve substantive
functionalization.
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Fig. 6 (a) Radically-initiated sonochemical dehydrocoupling of silanes

and (b) Propagation with secondary and/or primary silanes to form mul-
tiple Si—Si bonds on the surface. Cavitation bubble-induced bond break-
age is omitted for clarity, but may replace the role of the initiator in any
of the events shown.

We propose that the sonochemical reaction presented here
proceeds via the mechanism shown in Fig. 6.*® Surface Si-H/
Si-Si and silane Si-H bonds are broken by cavitation bubble
collapse or radical initiator involvement, and the resulting rad-
icals react forming Si-Si bonds linking silanes to the particle
surface (Fig. 6a). The Si-H bonds on the surface bonded silane
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(a) FT-IR spectra and (b) TGA curves of dodecyl- (black), diisopropyl- (blue), and trioctyl- (red) functionalized 6 nm SiNPs treated at 80 °C.

can then undergo further cleavage to form radicals that propa-
gate (if the silane is secondary or primary) leading to different
surface linkages (Fig. 6b). This propagation is terminated if
there are no accessible neighbouring Si-H sites. This mecha-
nism and the associated surface bonding provide an expla-
nation for the reduced surface coverage provided by dehydro-
coupled silanes compared to hydrosilylated alkenes - surface
reactions with primary silanes can consume up to three Si-H
surface sites, while more substituted silanes prevent surface
reactions because of their steric bulk.

This mechanistic understanding is consistent with reactivity
of ‘over-etched’ SiNPs.”® For 6 and 9 nm particles, over-etching
removes the disordered surface to expose the quasi-ordered
core, which will have fewer defects and Si-H, reactive sites. One
would anticipate this surface would exhibit a lower reactivity if
the proposed mechanism is accurate. Sonochemical dehydro-
coupling reactions using dodecylsilane with over-etched 6 nm
SiNPs (final diameter 3 nm) were consistent with this hypoth-
esis, leading to a surface coverage of 2% (Fig. S11), lower than
that of the traditionally etched particles (5%).

To explore the effect of different radical sources, and to
support that the reactivity is in fact radical based, the sono-
chemical dehydrocoupling was run with benzoyl peroxide,

a)

Dodecylsilane-NPs

% Transmittance

Diisopropylsilane-NPs
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T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™")

Fig. 7
in the presence of benzoyl peroxide.
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(a) FT-IR spectra and (b) TGA curves of dodecyl- (black), diisopropyl- (blue), and trioctyl- (red) functionalized 6 nm SiNPs sonicated for 24 h
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another common radical initiator with similar reactivity to
AIBN. Comparable reactivity is observed to AIBN, with no sig-
nificant differences in the FT-IR and a surface coverage of 8%
obtained from TGA (Fig. 7).

Conclusions

Successful dehydrocoupling has been demonstrated at room
temperature using ultrasonication to functionalize hydride-ter-
minated silicon nanoparticles. FT-IR and TGA were used to
confirm that comparable reactivity to previous examples of
dehydrocoupling on silicon surfaces was achieved with
primary silanes (both alkyl and aryl), with ca. 7% surface cov-
erage. Surprisingly, the functionalized particles exhibit a loss
of crystallinity, providing a straightforward pathway to amor-
phous SiNPs which maintain their photoluminescence. In
addition, secondary and tertiary silanes were grafted using this
method, which has not been previously reported without cata-
lytic intervention, and these silanes led to comparable surface
coverages as for the primary silanes. These substituted silanes
were also shown to react under photo-initiated conditions at
room temperature. A radical-based mechanism is proposed to
be responsible for this reactivity, similar to that of radically
initiated hydrosilylation. This approach can lead to a wider
variety of silanes being grafted to the silicon surface, as well as
providing an amorphous SiNP base for further chemistry.
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