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ABSTRACT: Room-temperature borane-catalyzed func-
tionalization of hydride-terminated silicon nanocrystals
(H-SiNCs) with alkenes/alkynes is reported. This new
methodology affords formation of alkyl and alkynyl surface
monolayers of varied chain lengths (i.e., C5−C12). The
present study also indicates alkynes react more readily with
H-SiNC surfaces than equivalent alkenes. Unlike other
toxic transition-metal catalysts, borane or related by-
products can be readily removed from the functionalized
SiNCs. The new method affords stable luminescent alkyl/
alkenyl-functionalized SiNCs.

Silicon is plentiful, and its established applications are vast and
impactful; they range from solar cells to electronics. Of late,

silicon nanocrystals (SiNCs) have garnered considerable
attention, primarily as a result of their unique size and surface
chemistry-dependent optoelectronic properties as well as its low
cytotoxicity.1−4 Prototype applications of silicon-based nanoma-
terials include electronics,5 photonics,6,7 photovoltaics,7,8 and
even medicine.9 To be useful in these and other target areas,
SiNCsmust be interfaced with their environment (e.g., solubility,
chemical linkages, etc.) and stabilized against undesirable
reactions (e.g., oxidation) that could lead to unpredictable
properties. In this context, methods affording effective SiNC
surface passivation are of paramount importance.
The most common approaches toward SiNC surface

functionalization employ variations of alkene/alkyne hydro-
silylation (vide inf ra) that involve addition of a Si−H bond across
an unsaturated carbon−carbon multiple bond. Hence, hydride-
terminated SiNCs (H-SiNCs) are an attractive reactive platform
for attaching surface groups. The resulting surface bonded
moieties are linked through robust covalent Si−C linkages,
render SiNCs soluble in common organic solvents, and improve
oxidation resistance.10 Hydrosilylation of unsaturated carbon−
carbon bonds by H-SiNCs is commonly achieved by providing
thermal11,12 or photochemical activation13,14 or can be realized
by employing radical initiators15 and metal-based catalysts.16,17

Each of these methods has its advantages and limitations. For
example, thermal and photochemical methods do not require any
additional reagents thereby minimizing impurities. However,
while a few exceptions exist,18,19 thermal hydrosilylation
generally requires high reaction temperatures (i.e., 160−190

°C) and high boiling (i.e., long chain) alkenes or alkynes.20

Further limiting the utility of this approach, our group recently
discovered oligomerization of terminal alkenes can occur on
SiNC surfaces.20 Photochemically-induced hydrosilylation is
dependent on SiNC size and is relatively slow limiting its
utility.21 On the other hand, while somewhat costly transition-
metal catalysts (e.g., H2PtCl6) provide efficient low temperature
access to surface hydrosilylation, removal of residual metals is
difficult and can compromise important material properties (e.g.,
quench or alter the photoluminescence).16 It is also reasonable
that trace transition metals could render hydrosilylated SiNCs
toxic and restrict their future biological and medical
applications.22 Room-temperature diazonium salts-initiated
hydrosilylation23 as well as catalyst-free hydrosilylation24 of
SiNCs have also been reported; in these reactions diazonium
salts, oxygen, or oxygen-containing functional groups initiate
hydrosilylation.20

Despite these impressive advances, key challenges remain in
establishing methods that afford effective SiNC surface
modification. When designing new functionalization strategies
targeted methods should ideally proceed under mild conditions
and provide predictable formation of mono- and multilayers on
SiNC surfaces, and byproducts should be minimized and/or
easily removed.25

Lewis acids (e.g., tris(pentafluorophenyl)borane and alkylalu-
minum chloride) have been investigated as hydrosilylation
catalysts in the derivatization of molecular silanes.26,27 Precedent
for applying this approach to nanostructured silicon is provided
by Buriak et al., who employed EtAlCl2 to catalyze hydro-
silylation of alkenes/alkynes on porous Si.28 Lewis acid catalysts
that promote the modification of molecular substrates do not
necessarily exhibit the same reactivity toward Si nanosystems.
For example, (C6F5)3B and BF3, which catalyze hydrosilylation of
imines,29 thioketones,30 ketones,31 and alkenes27 by molecular
silanes are ineffective for analogous reactions on porous silicon.28

To our knowledge, other Lewis acids, such as diborane or BH3·
THF, have not been applied in the surface modification of
nanoscale silicon and more specifically in the derivatization of
colloidal SiNCs. Borane catalysts are particularly appealing
because the catalyst itself as well as the reaction byproducts are
readily removed using straightforward procedures.32 Further-
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more, if boron-containing impurities remain they are expected to
be biocompatible and/or nontoxic.32 Herein, we report a rapid
room-temperature approach for preparing alkyl-/alkenyl-passi-
vated SiNCs that exploits borane-initiated hydrosilylation of H-
SiNCs. The presented procedure provides access to a wide
variety of surface ligands, including low boiling volatile alkenes
and alkynes, and affords luminescent freestanding SiNCs that are
soluble in common organic solvents.
Well-defined H-SiNCs used in the present study were

prepared using a well-established procedure developed in the
Veinot Laboratory (see Supporting Information, SI).33 Briefly,
an SiNC/SiO2 composite obtained from reductive thermal
processing of commercial hydrogen silsesquioxane (HSQ) was
exposed to a hydrofluoric acid etching protocol to remove the
oxide matrix and liberate H-SiNCs. The size and shape of these
SiNCs may be controlled by defining the thermal processing
conditions.34 A series of representative alkynes and alkenes were
chosen to explore the scope of the presented reaction (Scheme
1). Briefly, air-free alkyne or alkene was added to a degassed

toluene suspension of H-SiNCs, and a catalytic quantity (∼2.5
mol % of the ligand) of BH3·THF was introduced. Following
stirring at room temperature for an appropriate time (i.e., 1-
alkynes, 30 min; internal alkynes, 12 h, 1-alkenes, 12 h) the
opaque reaction mixture yielded a nonopalescent solution of red-
emitting surface functionalized SiNCs. The following discussion
outlines a detailed evaluation of the resulting surface modified
SiNCs as well as the nature of the surface functionalities and their
general material properties.
FTIR analysis of the SiNCs provides insight into the nature of

the surface groups. The IR spectrum of H-terminated SiNCs
shows a characteristic structured feature at ∼2100 cm−1 that is
routinely assigned to Si−Hx (x = 1−3) stretching (Figures S1a
and S1c).18,19Spectra for functionalized SiNCs are obtained from
reactions with alkenes. Figure S1a shows features arising from
saturated ν(C−H) stretching at 2850−3000 cm−1 and δ(C−H)
bending at 1365 and 1475 cm−1. Attachment of surface groups to
SiNCs through a Si−C bond is supported by the appearance of a
weak absorption at 1258 cm−1 arising from symmetric C−H
bending (umbrella mode) of Si-CH group as well as a feature at
∼800 cm−1 that we tentatively assign to Si−C stretching.35

Spectra acquired for products of reactions with alkynes (See
Figure S1b) showed an absorption at 1600 cm−1 that we
confidently assign to ν(CC). Other important features
appearing in these spectra include absorptions attributable to
aliphatic C−H stretching and bending at 2850−2930 and 1475−
1365 cm−1, respectively. Spectral features arising from vinyl C−
H vibrations are generally of low intensity and appear at ∼3040
cm−1; unfortunately, this feature is not obvious in the analysis of
the present systems. Broad absorptions are also present in the
spectra of all alkene and alkyne-derivatized NCs that are
consistent with incomplete surface coverage (vide inf ra) and

assigned to OSi-H (∼2240 cm−1), SiHx (∼2100 cm−1), and Si−
O (∼1130−1000 cm−1).36

Proton nuclear magnetic resonance (1H NMR) spectroscopy
provides valuable information regarding proton environments on
surface ligands and more conclusive identification of SiNC
surface modification. For example, the 1HNMR spectra of SiNCs
functionalized with various alkynes in CD2Cl2 (Figure S2) show
resonances from terminal methyl protons at ∼0.9 ppm and
methylene chain protons appearing as a broad peak with
chemical shifts in the range of ∼1.1 to 1.6 ppm. Features arising
from vinylic protons on the nanoparticle surfaces usually appear
between ∼5 and 6 ppm;37 however, they were not observed in
the present 1H NMR, as these protons were closely associated
with the nanocrystal surface. Broadening of 1H NMR resonance
peaks of the functionalized SiNCs is expected due to long
relaxation times resulting from slow rotation of SiNCs in
solution.37 Despite peak broadening limiting the exact
determination of integration ratios, valuable information is still
provided from this analysis. For the present systems, the
integration ratios of the methyl (at 0.9 ppm) and methylene
proton signals was determined to be 3:4.2, 3:10, and 3:18 for 1-
pentenyl-, 1-octenyl-, and 1-dodecenyl-functionalized SiNCs,
respectively; these data are consistent with expected surface
bonded groups. The resonances of 2-octenyl-SiNCs were
confirmed by the appearance of features at 0.9 ppm (terminal
methyl protons), 1.5 ppm internal methyl protons (bonded to
CC), and at 1.2 to 1.6 ppm for the remaining methylene
protons. The 1H NMR spectra of alkene-functionalized SiNCs
acquired in CD2Cl2 (Figure S3) showed resonances from
terminal methyl protons with a chemical shift at 0.9 ppm and
methylene protons with chemical shifts in the range of 1.1−1.6
ppm as a broad peak, as expected. The ratio of the integration of
themethyl protons (at 0.9 ppm) and themethylene protons were
found to be 3:7.5, 3:12, and 3:20 for 1-pentyl, 1-octyl, and 1-
dodecyl, respectively.
The degree of SiNC surface coverage achieved from the

present reactions was estimated for d = 3.6 nm SiNCs using the
1H NMR and thermogravimetric analysis (TGA) as described by
Hua et al.13 Details of these procedures/calculations are outlined
in Tables S1 and S2. Based upon the TEM determined diameter
(vide inf ra; d = 3.6± 0.56 nm) and that a compact icosohedron is
the most stable structure for SiNCs of this dimension,38 we
invoked the estimation that the present NCs adopt this structure
and contain 1100 Si atoms (for d = 3.51 nm).38 A comparison of
the integrated peak areas of the surface alkyl or alkenyl groups to
an internal standard (i.e., tetramethylsilane) provides an estimate
of the number of ligands per NC and percent surface coverage
(see Figure S4 and Table S1). Surface coverage determined from
these approximations is in agreement with values previously
reported for SiNC hydrosilylation reactions13 and decreases with
increased chain length. We also note, alkyne-derived surface
coverage is consistently lower.14 The origin of this difference is
the subject of ongoing study. Furthermore, consistent with the
increased bulk associated with attaching the 2-octenyl moiety to
SiNCs, reactions with 2-octyne provided the lowest surface
coverage of those investigated.
Having identified the surface groups on the present NCs we

endeavored to confirm the NC core remained intact following
reaction. Size and morphology of the functionalized SiNCs were
analyzed by TEM and HRTEM. Bright-field TEM images (see
Figures S6 and S7) show the functionalized NCs adopt a
pseudospherical shape. The average diameter of the function-
alized Si NCs is ∼3.6 nm. Lattice fringes appearing in HRTEM

Scheme 1. Borane-Catalyzed Functionalization of H-SiNCs
To Yield Alkyl/Alkenyl-Passivated SiNCs
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images can be readily attributed the Si(111) lattice spacing (d-
spacing = 0.32 nm) and confirm SiNCs are crystalline.39

Survey X-ray photoelectron spectra (XPS) and electron
dispersive X-ray spectra (EDX, not shown) confirm the presence
of only Si, C, and trace amounts of O. No boron was detected at
the sensitivity of the EDX and XPS methods consistent with
effective removal of the catalyst. High-resolution XPS of Si 2p
region (Figure 1) shows an intense emission at 99.3 eV

characteristic of core Si atoms (i.e., Si(0)); signals arising from
Si surface atoms as well as Si suboxides were observed at 100.3,
101.3, 102.3, and 103.4 eV.20 We note that longer surface groups
yield more intense XP signals associated with silicon suboxides.
In addition, comparatively intense suboxide signals were
detected for SiNCs modified with 2-octyne. These observations
are consistent with less effective surface passivation that may be
attributed to incomplete functionalization resulting from steric
interactions between surface pendant chains (vide supra).
Interestingly, the Si 2p XP spectra of 1-dodecenyl-SiNCs showed
less intense suboxide signals than that observed for correspond-
ing octenyl-SiNCs. While the exact origin of this observation is
difficult to identify, it is reasonable the C12 chain is long enough
to cover and envelop the surface resulting in somewhat improved
oxidation resistance. A similar trend was observed for SiNCs
functionalized with alkenes (Figure 1b).
To investigate the possibility of size-dependent reactivity of

SiNCs toward the present borane-catalyzed hydrosilylation
protocol larger SiNCs with average diameters of 5.8 ± 0.72
and 7.5 ± 0.92 nm were evaluated. Representative TEM images,
size distribution, and HRTEM images of three different sizes of
octyl-SiNCs are shown in Figure 2. Powder X-ray detraction
patterns of these functionalized SiNCs (Figure S8) show their
crystallinity and the average crystallite sizes consistent with the
particle sizes estimated from TEM images. Reactions of larger H-
SiNCs were qualitatively slower as evaluated by the appearance
of a transparent solution. For example, reactions with 1-octyne
required 12, 2, and 0.5 h for SiNCs with d = 7.5, 5.8, and 3.6 nm,
respectively. Functionalization of SiNCs with 1-octene is size
independent but is qualitatively slower than 1-octyne. As
expected, FTIR analyses of all 1-octyne-functionalized SiNCs
(Figures S9−S12) confirmed the presence of the target surface
functionality showing absorptions at 3000−2800 cm−1 for ν(C−
H) stretching vibrations and at 1475−1365 cm−1 for δ(C−H)
bending.

Photoluminescence (PL) of SiNCs functionalized by thermal,
photochemical, and catalytic hydrosilylation using alkenes or
alkynes has been reported previously.25 The alkenyl moiety on
the Si surface can change PL energy and intensity.40 For example,
when conjugated alkynes (especially arylacetylenes) are tethered
to the surface of SiNCs, the PL is quenched.14,28 Octyl-SiNCs (d
= 3.6 ± 0.56 nm) exhibit PL centered at ∼694 nm, whereas
octenyl-SiNCs with diameter of 3.7 ± 0.57 nm exhibit slightly
red-shifted PL centered at 702 nm (Figure S13). PL intensity of
SiNCs with alkenyl-moieties showed decreased PL intensities
compared to their alkyl-SiNCs counterparts which is attributed
to conjugation of CC with SiNC surfaces. Both octyl- and
octenyl-SiNCs show PL lifetimes of 113 and 125 μs, respectively
(Figures S14 and S15) consistent with indirect band gap and
comparable with that previously reported for SiNCs.41 Octyl-
SiNCs (d = 5.8± 0.72 and 7.5± 0.92 nm) exhibit size-dependent
PL with emission maxima at 756 and 935 nm, respectively
(Figure S16).
Lewis acid-catalyzed hydrosilylation of alkenes and alkynes has

been reported previously for molecular silanes and H-terminated
porous Si.27−29,42,43 In 1985, Oertle et al. proposed AlCl3-
catalyzed hydrosilylation proceeds via hydroalumination of the
alkene via a hydroalane intermediate, followed by trans-
metalation of the resulting alkylalane with hydrosilane.42 In
contrast, (C6F5)3B is believed to catalyze the hydrosilylation
reaction via activation of Si−H bond forming a silylium
cation.27,44 This mechanism may not be active Si-based
nanomaterials because (C6F5)3B was ineffective for the present
H-SiNCs and in a previous study involving H-terminated porous
Si.28 Furthermore, attempts to activate the H-SiNC surfaces with
BH3·THF followed by subsequent addition of alkene/alkyne
provided no functionalization. In this context, we propose
hydrosilylation in the present system proceeds via a mechanism
similar to that outlined for AlCl3 involving the formation a
hydroboration product (Scheme 2, Pathway A) or direct
activation of the alkene/alkyne (Scheme 2, Pathway B). For
Pathway A, an intermediate A-II is formed from the reaction of

Figure 1. Si 2p region of the high-resolution XP spectra of SiNCs
functionalized with indicated surface groups. Fitting is shown for the Si
2p3/2 component. The Si 2p1/2 components have omitted for clarity.

Figure 2.Representative bright-field TEM andHRTEM images and size
distributions of octyl-SiNCs of diameter: (a) 3.6, (b) 5.8, and (c) 7.5 nm.

Scheme 2. Proposed Mechanism of Borane-Catalyzed
Functionalization of H-SiNCs Using Alkenes/Alkynes
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BH3·THF with alkene/alkyne, followed by insertion of the
intermediate A-II to Si−H bond. For Pathway B, an activated
complex B-I is formed from direct activation of the alkene/
alkyne by BH3·THF, followed by formation of a complex (B-II in
Scheme 2) from the reaction of activated complex B-I and H-
SiNCs. Further elucidation of this mechanism is the subject of
ongoing investigation.
In conclusion, this work presents an efficient room-temper-

ature functionalization of SiNCs using various alkenes and
alkynes via borane-catalyzed hydrosilylation. The alkyl/alkenyl
functionality with C5 to C12 chains was confirmed by FTIR and
1H NMR spectroscopy. Estimates of surface coverage obtained
from 1H NMR spectroscopy and TGA indicate functionalization
is more effective when shorter, terminal ligands are employed.
SiNCs (d = 3.6 nm) with alkyl functionalization show orange-red
PL, and a decrease in PL intensity was observed in alkenyl-
functionalized SiNCs due to CC bond conjugation.
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