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Silicon nanoparticles (Si NPs) are a good alternative to conventional heavy metal-
containing quantum dots in many applications, due to their low toxicity, low cost, and
the high natural abundance of the starting material. Recently, much synthetic progress
has been made, and crystalline Si NPs can now be prepared in a matter of hours.
However, the passivation of these particles is still a time-consuming and difficult
process, usually requiring high temperatures and/or harsh reaction conditions. In this
paper, we report an easy method for the room-temperature functionalization of
hydrogen-terminated Si NPs. Using silanol compounds, a range of functionalized Si NPs
could be produced in only 1 h reaction time at room temperature. The coated NPs
were fully characterized to determine the efficiency of binding and the effects of
coating on the optical properties of the NPs. It was found that Si NPs were effectively
functionalized, and that coated NPs could be extracted from the reaction mixture in
a straightforward manner. The silanol coating increases the quantum yield of
fluorescence, decreases the spectral width and causes a small (~50 nm) blue-shift in
both the excitation and emission spectra of the Si NPs, compared to unfunctionalized
particles.

Introduction

Semiconductor nanoparticles have proven to be useful for many different appli-
cations, including bio-imaging,'* LEDs,**® and solar cells.”** Silicon nano-
particles (Si NPs) are, in this regard, particularly interesting, due to their low
toxicity and the high natural abundance of the starting material.**'* However,
several issues have so far stood in the way of their widespread use. First, synthesis
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of the NPs is time-consuming and difficult, often requiring high temperatures or
harsh chemicals.”?* Second, once the Si NPs are formed, they have to be rapidly
passivated to prevent the loss of their original properties.”® This is especially the
case for hydrogen-terminated Si NPs (H-Si NPs). Such particles are of significant
interest due to their near-ideal electronic and electrical properties, yet their
susceptibility to oxidation requires extensive protection. In the literature,
passivation of H-Si NPs has been achieved by heating to 190 °C in the presence of
a suitable ligand,*” etching using phosphorous pentachloride followed by modi-
fication with an amine,***® thermally-promoted thiolation reactions,* reacting
with bifunctional alkenes,*® halogenation followed by a Grignard reaction,**°
platinum-catalyzed reactions,?*?***! or reactions in the presence of radical initia-
tors.*>** These procedures generally suffer from long reaction times and/or the
use of non-trivial reaction conditions, making them less attractive for application
on a larger scale. Furthermore, the type of ligand that can be attached in such
procedures is usually limited by the reaction conditions used. In most cases, the
ligand may also contain only one functional group, as having multiple functional
groups interferes with the reaction. This limits the possibility for further func-
tionalization. Clearly, an easy, fast, and versatile passivation method for H-Si NPs
is still needed.

In this paper, we report the use of silanol compounds with a range of func-
tional groups to passivate H-Si NPs (obtained via a microwave-based procedure
developed in our group,* building upon earlier protocols from He’s group for
other types of Si NPs).*** This silanol reaction showed promise due to the
discovery that flat Si surfaces could readily be functionalized in this manner,*
yielding densely packed, hydrolytically stable monolayers in <1 h at room
temperature. As this reaction proceeded without the need for additional solvents
or catalysts, this constitutes a significant advantage over previously mentioned
routes. Here, only mono-hydroxylated silanols were considered, as silanols with
two or three hydroxyl groups might yield multilayers on the surface of the Si NPs,
as reported for flat surfaces.’” We show that passivation with silanols is an easy
and fast method to obtain functionalized Si NPs. The silanol coating can easily be
tuned by selecting silanols with different side groups, and due to the specificity of
the reaction, even silanols with multiple functional groups can be used. Finally,
we show it is possible to obtain pure, passivated Si NPs with good optical prop-
erties in less than 4 h of combined reaction (1 h) and purification (3 h) time.

Experimental
Synthetic procedures

Synthesis of silanol compounds. Silanol compounds were synthesized from
their corresponding chlorosilanes using an adapted literature procedure (Scheme
1).*” In brief, an alkyldimethylchlorosilane (1 eq.) was added to an ice-cold
mixture of triethylamine (1.5 eq.), water (4 eq.), and diethyl ether. The mixture
was stirred for 1 h at room temperature, after which the liquid phase was isolated.
Hexane was added, and the diethyl ether was evaporated in vacuo. The reaction
mixture was cooled on an ice bath, and washed with ice-cold 0.5 M aqueous HCI.
The organic phase was dried using magnesium sulfate, and the solvent was
evaporated in vacuo to obtain the silanol. Full characterization of the silanols used
in this study can be found in the ESI.}
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Scheme 1 (A) Reaction scheme for silanol synthesis. (B) Overview of silanols used in this
study.

Synthesis of hydrogen-terminated silicon nanoparticles. H-Si NPs were
prepared according to the protocol developed by Pujari et al.** In brief: inside
a glovebox (O, < 0.1 ppm, H,0 < 0.1 ppm), 20 mg (0.10 mmol) of sodium ascorbate
and 0.8 ml of DMSO were added to a microwave tube equipped with a stirrer bar.
0.2 ml (1.08 mmol) of triethoxysilane was added, after which the tube was quickly
sealed and transported to the microwave. The mixture was allowed to react for
10 min at 170 °C while stirring at 600 rpm. After the reaction, the tube was allowed
to cool down and was transported back into the glovebox. There, it was opened,
and the mixture was filtered with a 0.2 pm PTFE syringe filter. The filtered brown
solution was directly used for passivation.

Functionalization of silicon nanoparticles. Inside a glovebox, 0.2 ml of the
selected silanol is added to the filtered nanoparticle dispersion, and the resulting
mixture is stirred for 1 h at room temperature. After this passivation step, the
reaction mixture is taken out of the glovebox, and the DMSO is evaporated in
vacuo (70 °C, 1 mbar); excess silanol is subsequently extracted using diethyl ether.
After drying, the resulting dry brown flakes are finely ground with 15 ml of
toluene, added in several small fractions, to extract the functionalized NPs; large
particles are allowed to sediment after the addition of each fraction, and the top
layer of toluene is pipetted off. The combined toluene phases are dried prior to
analysis. In a typical experiment, 20-35 mg of functionalized Si NPs were obtained
in this way, depending on the ligand and the number of toluene fractions used.

Preparation of water-soluble particles. To prepare water-soluble Si NPs, a thiol
sugar was attached to the allyldimethylsilanol-functionalized Si NPs via a thiol-ene
click reaction. To a purified sample of 30 mg of the functionalized Si NPs, a solution
of 0.36 g (1.0 mmol) 1-thio-p-p-glucose tetraacetate and 0.05 g (0.2 mmol) 2,2-
dimethoxy-2-phenylacetophenone (DMPA) in 1:1 chlorobenzene and DMF was
added inside a glovebox.*®** The reaction mixture was stirred at room temperature
for 3.5 h with 365 nm light irradiation. The distance between the lamp and the
solution was ~4 cm, so as not to heat the sample. The lamp was removed, and the
solvents were evaporated in vacuo. A light brown gel formed, from which Si NPs and
DMPA were extracted using chlorobenzene. The solvent was again removed in
vacuo, and the functionalized Si NPs were extracted using diethyl ether.
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To de-protect the acetate-capped sugar, the Si NPs were dispersed in a 0.015 M
solution of sodium methoxide in methanol.** The reaction mixture was stirred for
45 min, and sodium methoxide was precipitated out of the solution by the
addition of anhydrous pentane. The solvents in the clear dispersion were removed
in vacuo to obtain 27 mg of dry thioglucose-coated Si NPs for analysis.

Materials and methods

NMR measurements. NMR measurements were conducted on a 400 MHz
Bruker Avance III, and the resulting data were analyzed using MestReNova soft-
ware, version 10.0.2-15465.

IR measurements. IR measurements were performed on a Bruker Tensor 27
spectrometer equipped with a diamond ATR accessory (32 scans; 4 cm ™' resolu-
tion). For the Si NP samples, the dried Si NP powder was firmly pressed onto the
ATR crystal; for the pure silanols, a drop was placed on the crystal.

XPS measurements. XPS measurements were performed on a JEOL JPS-9200
photoelectron spectrometer, using a 12 kV and 20 mA monochromatic Al Ka
source. The analyzer pass energy was 10 eV, and the take-off angle between
sample and detector was set at 80°. Data was analyzed using the CasaXPS
program, version 2.3.18PR1.0. Samples were prepared by drop coating a Si NP
solution onto a plasma-cleaned gold surface.

TEM measurements. TEM measurements were performed on a JEOL JEM-1400
plus (WEMC - TEM 120 kV). Samples were prepared by evaporating a drop of
dilute Si NP solution in chloroform onto an ultrathin Carbon Type-A support film
with a 400 mesh on top of a copper grid with an approximate hole size of 42 um
(TED PELLA, Inc.). Samples were allowed to dry for 30 min prior to imaging.

High-resolution TEM measurements. High-resolution TEM measurements were
performed on a Tecnai G2 F20 Super Twin TEM microscope at 200 kV with a LaB6
emitter. The microscope was equipped with a high-angle annular dark-field (HAADF)
detector for scanning transmission electron microscopy (STEM) imaging. STEM
imaging and all analytical work was performed with a probe size of 1 nm, resulting in
a beam current of about 0.5 nA. TEM images were collected using a GATAN US1000 2K
HR 200 kV CCD camera. The CCD line traces were collected fully automatically using
the Tecnai G2 user interface and processed with both Digital Micrograph software
Version 2.3 and the Tecnai Imaging and Analysis (TIA) software Version 1.9.162.

Optical properties. Optical properties (in DMSO, unless noted otherwise) were
studied using an Edinburgh Instruments FLS900 fluorescence spectrometer
(continuous: 450 W xenon lamp as the excitation source; for lifetime: 444 nm LED
laser) for the fluorescence properties, and a Varian Cary 50 UV-vis spectropho-
tometer for the absorption measurements (scan rate 600 nm min~'; spectra
corrected for solvent absorption). Results were fitted with a 3-exponential decay.
For the quantum yield, fluorescein in 0.1 M aqueous NaOH was used as a refer-
ence, with an absolute quantum yield of 0.88 £+ 0.03.*

Results and discussion
Silanol-based functionalization of silicon nanoparticles
The passivation of H-Si NPs with silanol compounds (Fig. 1) proceeded readily at

room temperature with a straightforward procedure: silanol was simply added to
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a H-Si NP suspension in DMSO (as obtained without further purification from Si
NP synthesis), and the mixture was stirred for 1 h at room temperature. The ease
of this reaction is in line with the calculated exothermicity, namely
AH = —16.9 kecal mol ™" in DMSO, as obtained from quantum-chemical wB97XD/
6-311+G(d,p) calculations using a dielectric SMD model mimicking DMSO. The
reason for the extra 30 min of stirring time, compared to the analogous reaction
on flat surfaces,*” was to ensure a high packing density on the Si NP surface, as
this would minimize future oxidation. Escorihuela et al. further reported that for
flat surfaces, the reaction speed could be increased by irradiation with UV light.
However, this was not tested here, as the subsequent (relatively slow) evaporation
of DMSO in vacuo meant the Si NPs would be exposed to silanol for at least 2 h
anyway.

For both silanols 1 and 3, excess silanol was removed simultaneously with
DMSO, simplifying the purification procedure; only one extraction step with
diethyl ether was necessary to remove the remaining traces of unbound silanol
and obtain a dry powder. Meanwhile, 2 could not be removed by vacuum at the
current temperature. Therefore, for this silanol, three extractions with diethyl
ether were performed to obtain a dry powder. In all cases, an estimated yield of
~45% was obtained, assuming all Si NP surface atoms had reacted with the
silanol, and no Si-H bonds remained.

To confirm that the passivation process did not affect the size of the Si NPs,
TEM imaging was performed. For both passivated and non-passivated Si NPs, the
average size of the particles was around 6 + 1 nm (Fig. S137), slightly (~1.5 nm)
smaller than previously reported by Pujari et al. for H-Si NPs synthesized using
similar conditions.**

Fig. 1 Overview image showing functionalization of silicon nanoparticles using various
silanol compounds.
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High-resolution TEM of single Si NPs confirmed the crystallinity of the func-
tionalized NPs, in line with data shown by Pujari et al** Additionally, the inter-
planar spacing of the crystalline particles was measured to be 0.31 nm in the (111)
direction, and 0.19 nm in the (110) direction (Fig. 2D and E). This corresponds to
literature values found for crystalline silicon wafers (3.13 and 1.92 A, respectively).*2

Recently, a paper by Oliinyk et al. raised the question whether Si NPs could really
be formed in a microwave reaction.*® Even though they specifically doubted their
formation in an aqueous solution, and suggested the formation of fluorescent NPs
of a carbon or hybrid composition, their investigation is also relevant here. Based
on the interplanar crystal spacing found, and the silicon signal observed using XPS
(vide infra), we would argue that crystalline Si NPs were indeed formed in this
reaction, rather than hybrid organo-silicon or carbon NPs. Furthermore, Oliinyk
et al. attributed the source of fluorescence in the paper by Zhong et al.*® to the
formation of carbon nanoparticles and/or organic fluorophores. If this had been
the case here, the organic fluorophores should have been visible in the NMR and IR
spectra discussed below. However, in these spectra, only signals from the silanol
coating could be seen, indicating that no other functional groups were present in
the sample. Combined, these data imply the formation of well-defined, fluorescent,
crystalline Si NPs, rather than non-crystalline and hybrid carbon nanodots, in the
microwave reaction described above.

Characterization of silanol-functionalized particles

NMR spectroscopy. The passivated particles were first characterized using
NMR to determine the purity and success of passivation. A representative spec-
trum of Si NPs passivated with compound 1 (1-Si NPs) is shown in Fig. 3 (for the
remaining spectra, see ESI S27). For clarity, the spectrum of the pure silanol is
shown underneath in light grey.

All signals belonging to the alkyl groups of the silanol can clearly be seen in the
spectrum of the functionalized Si NPs, while the signal from the -OH group has
disappeared (5.55 ppm in DMSO-dg, Fig. S11). This indicates that the silanol has
successfully reacted via the -OH group. In addition, the integration ratio of the
peaks closely matches the ratio found for the unbound silanol, although some
deviation is sometimes found due to the low signal of the functionalized NPs.

Binding is further confirmed by the broadening of the silanol peaks, caused by
attachment of the organic compound to a slowly-rotating NP.'*** Since rotation

Fig. 2 High-resolution TEM images of 3-Si NPs. Scale bars are 200 nm (A) and 10 nm (B
and C). The insert in (A) shows the size distribution. (D) shows the interplanar spacing of
a Si(111) NP measured along the red line in (C), and (E) shows the spacing of a Si(110) NP
measured in (B).
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Fig. 3 'H NMR spectrum of 1-Si NPs (top) and pure unbound 1 (bottom) in CDCls.

speed is related to size, more severe peak broadening is observed for larger
particles. This is why the peak broadening here is more severe compared to the
spectra of the 1-4 nm NPs reported in the literature.’>*> Meanwhile, "H NMR of
TiO, NPs of ~10.4 x 7.4 nm showed spectra with nearly unresolvable peaks.***

Final proof of successful binding is given by the slight change in chemical shift
for hydrogen atoms belonging to the methyl groups of the silanol (Fig. 3, ~0.2
ppm). This shift is upfield when measured in CDCl;, and downfield when
measured in DMSO-ds. Hydrogen atoms further up the alkyl chain of the silanol
seem to be unaffected by the Si NP surface.

In addition to this, only small contaminant peaks can be found in the spec-
trum, indicating that the purification was successful. Since NPs, due to their slow-
tumbling nature, only give very small signals compared to organic compounds,
any contaminants are clearly visible in the spectrum.

IR spectroscopy. Since NMR analysis only yielded low signals and broad peaks,
ATR-IR was used as extra confirmation of successful silanol attachment. Fig. 4
presents the ATR-IR spectrum of 1-functionalized Si NPs (1-Si NPs), compared to
that of the dimerized form of 1 (1,). Both spectra contain a narrow band at
1257 ecm ™!, indicative of the presence of Si-CH; groups.>*%*¢ Other characteristic
peaks of silanol can also be seen in the 1-Si NP spectrum, such as the C=C bond
vibrations at 1632, 990, 932, and 893 cm ™!, and the =C-H vibration at 3080 cm .
Additionally, the strong band at 1059 cm™ " indicates the presence of a Si-O-Si
bond, as expected after passivation, while the absence of a broad peak at
~3270 cm " reflects the disappearance of the -OH group.

For this sample in particular, the IR spectrum is interesting, as it provides
further evidence that the silanol has indeed reacted via the -OH group, rather
than the vinyl group. Not only would binding via the vinyl group lead to the
disappearance of the C=C signals at 1632, 990, 932 and 893 cm ™', it would also
lead to the formation of a new signal at around 1210 cm ™ *.*

The absence of this latter peak is not directly clear from the spectrum in Fig. 4.
However, when the difference spectrum between passivated and non-passivated
Si NPs is plotted, the lack of signal in this region becomes clear (Fig. S5t). In
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Fig. 4 ATR-IR spectra of 1, and 1-Si NPs. Several notable peaks are highlighted.

addition, further signals characteristic of 1 also show up in the difference spec-
trum, including several peaks in the fingerprint region. This is also observed for
the other passivations: the difference spectra show characteristic peaks belonging
to the silanol used during the reaction (Fig. S6 and S77). Only for 2-Si NPs is the
comparison less clear, due to the small number of characteristic peaks that can be
uniquely attributed to 2.

XPS analysis. To confirm that the IR signal around 1060 cm ™" is indeed due to
the binding of the silanol, and not primarily a result of oxidation, XPS analysis was
performed. For a well-passivated, non-oxidized sample, a peak <101 eV is expected
in the silicon 2p narrow scan. Meanwhile, for a completely oxidized sample, the
peak should be found at >103 eV.** For the silanol-coated particles, a clear peak was
found at 101.8 eV, indicating that the Si NPs are partially oxidized (Fig. 5, wide scan
in Fig. S87). This is in line with the nature of the silanol functionalization, in which
for every silanol ligand attached to the Si NPs, two silicon atoms will be directly
bound to an oxygen atom. These silicon atoms need not always be located at the
surface of the Si NP, as the oxygen atom can “bury” itself inside the Si NP. As
a result, the binding energy of >2 silicon atoms can be affected, resulting in an
average Si 2p binding energy of 102 eV. In addition, a small fraction of oxidation of
the initial Si NP core is typically observed under these conditions, which can - in
principle - be removed by HF etching.** Since the silanol functionalization itself
adds oxygen to the NP, such etching was not performed in this case. This Si 2p
binding energy of 101.8 eV was found for all the functionalized Si NPs, with minor
(0.3 eV) differences likely due to charging effects in the XPS."”

As no peak at >103 eV is present in Fig. 5, we tentatively attribute the peak at
1060 cm ™ *, as observed in the IR spectrum, to the Si-O-Si bonds from the silanol
functionalization, rather than oxidation by atmospheric oxygen.

Optical properties. Next, the effect of silanol coating on the optical properties
of the Si NPs was determined. To this end, the properties were compared to those
of H-Si NPs. It was shown that passivation with silanol leads to a ~50 nm blue-
shift in both the excitation and emission spectra (Fig. 6). This is likely due to
the introduction of oxygen atoms into the Si NPs during silanol coating, which
has already been shown to lead to a blue-shift in the spectra.” Interestingly, no
shift was observed for 2-Si NPs (Table 1). It is likely that some minor oxidation of
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1- and 3-Si NPs occurred during processing, as the smaller dimethylsilanol
ligands, due to their bulkiness, cannot reach 100% passivation. Meanwhile, the
large, hydrophobic alkyl chain of 2 is more effective in blocking incoming
oxidants, and will therefore offer better protection against oxidation. Indeed, XPS
of 3-Si NPs after the measurement of optical properties shows the presence of
a small amount of silicon oxide (Fig. S97).

Besides shifting the positions of the excitation and emission maxima, the
silanol coating seems to reduce the spectral width of the Si NPs. For non-
passivated Si NPs, the spectral widths of the excitation and emission spectra
were 0.68 and 0.53 eV, respectively. For 1-passivated Si NPs the excitation width
decreased to 0.57 eV, and for 3-Si NPs the excitation and emission width
decreased to 0.43 and 0.41 eV, respectively. Meanwhile, no change in spectral
width was observed for 2-Si NPs; the excitation spectrum had a spectral width of
0.69 eV, and the emission spectrum a width of 0.50 eV.

Finally, the fluorescence lifetime and quantum yield were also affected by the
passivation process. The average fluorescence lifetime of 3-Si NPs increased from
4.1 to 6.9 ns after passivation, while for 2-Si NPs the lifetime decreased to 3.3 ns.
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Fig. 6 Optical properties of Si NPs. Full lines: Si NPs passivated with 1; dashed lines: non-
passivated Si NPs. Excitation spectra are shown in blue, emission spectra in red.
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Table 1 Optical properties of silanol-coated Si NPs

Aex Aem Average lifetime
Sample max (nm) max (nm) (ns) Quantum yield
H-Si NP 496 594 4.1 16%"
1-Si NP 445 545 4.2 30%"
2-Si NP 495 589 3.3 20%
3-Si NP 443 539 6.9 27%"
Thioglucose Si NPs 370 460 — 35%”

9 QY w.r.t. fluorescein in 0.1 M NaOH. ? QY w.r.t. quinine sulfate.

These short ns lifetimes are typical for Si NPs with alkyl termination, prepared
using wet-chemical methods, as shown in previous studies on free-standing Si
NPs.*»*552 In addition, it has been shown that an electronegative cap (such as
silanol) or an electronegative environment (such as DMSO) can also cause short
ns lifetimes for Si NPs.”

The quantum yield of the Si NPs increased for all silanols, though the increase
for 2-Si NPs was not as large as for the other silanols. This increase could be
partially due to the purification procedure for the passivated Si NPs; as the H-Si
NP sample was not purified before quantum yield determination (to minimize
oxidation), this sample contains traces of non-fluorescent impurities that
increase the optical absorption of the sample, and thereby slightly decrease the
apparent quantum yield for the H-Si NPs compared to the purified samples. The
quantum yield for these silanol-functionalized Si NPs compares favorably with
other modes of functionalization.**

Reactivity of silanol-based Si NPs: water-soluble, glucose-coated Si NPs

As a proof of concept, to show that water-soluble, bio-functional Si NPs could be
prepared in this manner, 1-thio-B-o-glucose tetraacetate was reacted with 1-Si NPs
via a thiol-ene click reaction (Fig. 7 and 8). Previous research on thiol-ene click
reactions used a reaction time of 1 h.*” Here, due to the size and bulkiness of the
sugar ligand, a longer reaction time of 3.5 h was used, to ensure a higher packing
density. Due to the extensive purification needed during synthesis of these NPs, and
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Fig. 7 Schematic overview of the synthesis of water-soluble, glucose-coated Si NPs.
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Fig. 8 Glucose-coated Si NPs in water under normal light (left) and 365 nm irradiation
(middle). The right picture shows the solubility of glucose-coated Si NPs in hexane (top
layer) and water (bottom layer).

the small scale of the experiment (30 mg of H-Si NPs), this reaction yielded only
27 mg. Successful binding of the protected thiol-sugar was confirmed by IR, with
the disappearance of the S-H stretch vibration after the click reaction (Fig. S157).

After deprotection, the thioglucose-coated Si NPs were dispersed in water for
fluorescence measurements. An excitation maximum of 370 nm and an emission
maximum of 460 nm were found, with a quantum yield of 35% compared to
quinine sulfate (Fig. S121). This is a significant blue-shift compared to the Si NPs
coated only with silanol, likely due to UV-induced oxidation.

Conclusions

We have demonstrated a fast, easy and efficient way to passivate hydrogen-
terminated Si nanoparticles (H-Si NPs) using silanol compounds at room
temperature. The reaction was specific enough to allow the presence of other
functional groups in the silanol ligand, and both the passivation and purification
of the Si NPs were simple procedures with opportunities for scale-up. The silanol-
coated Si NPs produced here showed little oxidation and improved quantum
yields. Finally, purified silanol-coated Si NPs could be produced and purified from
hydrogen-terminated Si NPs in under 4 h, showing a significant improvement
over previous methods for H-Si NP functionalization.
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