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Summary

Wet-chemical synthetic procedures are powerful strategies to afford fluorescent silicon
quantum dots (Si QDs) in a versatile and scalable manner. However, development of Si QDs is

still hampered by a lack of control over photoluminescence emission, in addition to synthesis

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and characterization complexities. The wet-chemical Si QD synthesis by oxidation of
magnesium silicide (Mg,S1) with bromine (Br,) was revisited and a control reaction was carried

out where the silicon source was omitted. Both reaction conditions result in substantial
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quantities of fluorescent material. Moreover, a comparative analysis of their optical properties
(UV-Vis/fluorescence) revealed no apparent differences. Other characterization techniques also
confirm the resemblance of the two materials as "H NMR, FTIR and XPS spectra were nearly
identical for both samples. Elemental analysis revealed the presence of only 2 wt% silicon in
the Si QD sample. No evidence was found for the formation of significant amounts of Si QDs

via this wet-chemical procedure.

Introduction

Quantum dots (QDs), also coined semiconductor nanocrystals, are nanoparticles that possess
unique properties on the quantum level that differ from bulk properties.!> 2 Depending on

particle size and shape, QDs display photoluminescence, following the quantum confinement
1
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model.! As a consequence, by varying QD dimensions, emission can be tuned over a broad
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spectral range. Owing to their superior optical properties, such as size-dependent ﬂ@pg@g@@y@e}%oog%

> color definition® and resistance against photobleaching,” ® QDs are promising materials for a
wide variety of applications, including photovoltaics,’!! lighting and displays,® 2> and
biomedical imaging.!3-! This application potential is, however, severely limited by the fact that
conventional QDs typically contain toxic and/or scarce elements (e.g. Cd, In, Pb, Se, Te).
Silicon quantum dots (Si QDs) signify an appealing, non-toxic and highly sustainable

alternative.20-22

Synthesis strategies for such Si QDs are typically divided in top-down and bottom-up
approaches (and combinations).'® In top-down approaches, Si QDs are prepared from larger
macroscopic materials, e.g. silicon wafers, to construct nanoparticles, which can be done
mechanically,?? as well as by etching with strong acids, such as HF.?* In addition, the group of
Veinot and coworkers developed an effective route based on the thermal decomposition of
hydrogen-terminated silsesquioxane to produce Si QDs within a silica matrix, followed by

liberation of the Si QDs by HF etching.* 232

In bottom-up approaches, Si QDs are prepared from molecular precursors. This includes
syntheses by physical means, such as condensation of silane gas into Si QDs via laser
pyrolysis?”- 28 or plasma synthesis.? 2% 30 Other strategies that have been reported to yield Si
QDs include decomposition of precursors in supercritical fluids’! and by microwave
irradiation.??>3* Bottom-up approaches by chemical means are typically wet-chemical
syntheses, where reactions are carried out in solution-phase.!'®> 21> 35 36 Strategies include
reduction of SiCly (or SiBry, and sometimes co-reacted with alkyltrichlorosilanes) by reducing
agents, such as alkali metals (e.g. Na, K),3-3° alkaline earth metals (e.g. Mg),* sodium
naphthalide,*- 4> LiAlIH4,%3-*° and in molten salts syntheses by active Al species.’® 3! Synthetic
routes towards Si QDs have also been based on the oxidation of silicon species, typically Zintl
salts (XSi,, where X is an alkali metal or alkaline earth metal). Common methods are the
oxidation of these Zintl salts by Br,,3-% NH4Br,3* 373 and NH,4C1.%% ¢! Furthermore, Zintl salts
have been reacted with SiCly to yield Si QDs in a metathesis type synthesis.®?-¢* Regarding
synthesis strategies, several reviews are recommended for a more complete and detailed

overview. 1621, 36,65

Wet-chemical synthesis is generally more versatile, less laborious and highly scalable, while
elevated temperatures can be avoided, although limited control over fluorescence emission
remains a major challenge.'® Moreover, the number of reliable wet-chemical synthetic

2
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strategies towards Si QDs is still limited, with complications concerning synthesis and

View Article Online

characterization hampering research into Si QDs, as well as their commercialization.o 1039/corpo009os

Fluorescence emission generally correlates well with Si QD size,% although discrepancies
between Si QD size and emission have been reported.”> In particular for wet-chemical
syntheses, primarily blue or green fluorescence emission is observed, regardless of reported
size. There is still debate as to whether quantum confinement is in fact the origin of
photoluminescence in Si QDs.%7-° Bulk silicon is an indirect bandgap material,”® and even on
the nanoscale it is often implicated that fluorescence emission is either inefficient or mostly
governed by surface defects rather than quantum confinement effects.®> 7! Moreover, such
defects are frequently reported, °- ¢ 71. 72 e.g. due to nitrogen-containing species on Si QD
surfaces’ or particle oxidation.”> 7* Interestingly, even two seemingly comparable Si QD
samples, albeit synthesized via different procedures, displayed very different optical properties,
i.e. blue and red emission.” These differences were explained by the occurrence of nitrogen-
containing impurities in blue-emitting Si QDs. Emission of Si QDs was demonstrated by
Wiggers and coworkers to change from red to blue upon exposure to air, confirming that blue
fluorescence can be induced by oxidation.”* Surface-related fluorescence is typically
undesirable, as emission is no longer tunable by adjusting particle size, and such particles are
more susceptible to photobleaching.” Although photoluminescence is frequently assigned to

surface defects when the quantum confinement model cannot be applied,”> 7 this is not

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

necessarily true in certain cases, as discussed below.

Interestingly, side reactions occurring during Si QD synthesis may also induce the (majority of)

Open Access Article. Published on 01 November 2019. Downloaded on 11/12/2019 6:20:16 PM.

fluorescence and cloud results. Recently, Oliinyk et al. criticized’® the preparation of Si QDs
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via a one-pot microwave synthesis employing 3-aminopropyltrimethoxysilane (APTMS) as
silicon source, as reported earlier by He and coworkers.?? Their criticism focused on
discrepancies concerning XRD data when comparing with other Si QD literature,’’ the absence
of XPS data, TEM images showing crystalline material that is inconsistent with silicon, and
most strikingly, very comparable optical properties for materials prepared in the presence, as

well as absence of the silicon source.

Purification of fluorescent nanomaterials has also been pointed out to be critical.”8-%° For
instance, fluorescent by-products (e.g. small molecules) were frequently insufficiently
removed.”®8 Crystalline nanoparticles of molybdenum sulfide, as observed by TEM, were
reported to display strong fluorescence emission,® although more recently, smaller impurities
were demonstrated to be the actual source of fluorescence.®* Hence, connecting optical
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properties to a nanomaterial remains a considerable challenge, as also pointed out earlier by

View Articl
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Nandi and coworkers,® who particularly stressed the importance of careful intexpretationrofoooos

TEM data.”- 8

Our investigations into the preparation of Si QDs via the oxidation of Mg,Si with Br,, a well-
established, facile reaction generally resulting in high product yields,>> 33 revealed that attempts
to alter the optical properties by changing reaction parameters, such as temperature, reaction
time, concentration and reagents, remained unsuccessful. Lacking size-control (and thus control
over emission) was noted earlier, but remained unexplained.3? This prompted us to investigate
this reaction in more detail. An in-depth comparative study on these Si QDs is presented here,
and a comparison is made with material resulting from a silicon-free synthesis, where the Zintl
salt was omitted. Both materials were characterized by a number of different techniques,
including "H-NMR spectroscopy, FTIR, TEM, elemental analysis, XPS, fluorescence
spectroscopy, UV-Vis spectroscopy, and SEC. Both products possessed highly comparable
properties, hinting towards a mechanism that presumably does not (exclusively) produce Si

QDs, but primarily fluorescent by-products.

Experimental

Materials and Methods

Syntheses were carried under nitrogen atmosphere, unless stated otherwise. Glassware was

dried before use. Solvents were dried over 4 A molecular sieves, for at least 24 h before use.

n-Butyllithium (n-BuLi, 2.5 M, in hexanes), chloroform-d (99.8 atom % D) and n-octane (> 97
%) were obtained from Acros, bromine (Br, > 99.99 % trace metals basis), 9,10-
diphenylanthracene, hydrochloric acid (HCI, 37 %), magnesium silicide (Mg,Si, > 99% trace
metals basis, -20 mesh), molecular sieves (0.3 nm, rods), sodium sulfate (Na,SO,, anhydrous),
and sodium thiosulfate (Na,S,0;, > 98 %, anhydrous) were obtained from Sigma Aldrich,
chloroform, ethanol, ethyl acetate and methanol were obtained from VWR, TEM grids were

obtained from EM Resolutions (Sheffield, United Kingdom), and XPS substrates from SSENS
(Hengelo, the Netherlands).

Characterization

Nuclear magnetic resonance (NMR) spectroscopy was performed on a Bruker 400 MHz or

Bruker 600 MHz spectrometer. Samples were measured in chloroform-d. Attenuated total
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reflectance (ATR) Fourier-transform infrared (FTIR) spectra were obtained by drop-casting
samples from chloroform solution on a Bruker Alpha-p. Elemental analysis f@blc@;méié&“@f&%;‘gé
performed on a Vario Micro Cube CHNS-Analyser from Elementar, for bromine on an 883
Plus IC from Metrohm, and for silicon on a Specord 50 Plus UV/VIS spectrophotometer from
Analytik Jena. Transmission electron microscopy (TEM) was performed on a Philips
CM300ST-FEG transmission electron microscope operated at 300 kV. Samples were drop-cast
from a dilute chloroform solution on holey carbon films on a 200 mesh copper substrate. X-ray
photoelectron spectroscopy (XPS) was measured on a PHI Quantera SXM with a
monochromatic Al Ka source (1486.6 eV). The carbon C 1s signal at 284.8 eV was taken as
the reference binding energy. Samples were drop-cast from a chloroform solution on gold-
coated glass substrates (20 nm gold). UV-Vis spectra were recorded on a Shimadzu UV-
2401PC UV-Vis spectrophotometer. Absorbance was kept below 0.05 for quantum yield
determinations to avoid inner filter effects. Ethyl acetate was employed as solvent for UV-Vis
and fluorescence spectroscopy. Fluorescence was measured on a Varian Cary Eclipse
fluorescence spectrophotometer. Size exclusion chromatography (SEC) measurements were
performed on a Waters Alliance 2696, equipped with a 2475 fluorescence detector, and a 2998
photodiode array detector to determine absorbance. Samples were run on an Agilent PLgel 5
um MIXED-D column, using HPLC-grade chloroform as eluent. Before measurements,

samples were filtered on 0.2 um Whatman Spartan syringe filters.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Synthesis of Si QDs

Si QDs were synthesized, with only minor changes, according to earlier literature procedures.’?

33 Degassed n-octane (100 mL, 0.615 mol) was added to Mg,Si (100 mg, 1.30 mmol), followed

Open Access Article. Published on 01 November 2019. Downloaded on 11/12/2019 6:20:16 PM.
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by the addition of Br, (0.54 mL, 10.5 mmol). Subsequently, the dispersion was stirred for 2 h,
whereupon the color changed from deep orange to pale orange. The dispersion was heated to
reflux for 18 h (or 60 h, isolated yield 37.8 mg). Then, solvent was removed under reduced
pressure, under inert atmosphere. Fresh, degassed n-octane (100 mL, 0.615 mol) was added and
the mixture was cooled on ice. n-Butyllithium in hexane (2.5 M, 2.09 mL, 5.22 mmol) was
slowly added and run overnight for complete reaction, while the dispersion was allowed to
warm up to room temperature. Unreacted n-butyllithium was quenched with excess methanol
(10 mL), and left to react for 1 h. Thereafter, the dispersion was filtered and extracted against
aqueous HCI1 (1 M, 100 mL, 1x) and distilled water (100 mL, 3x). During extraction, the organic
phase was deep orange, with some insoluble materials, especially at the solvent-solvent

interface, which were discarded. The organic phase was dried over Na,SOy,, filtered, and solvent

5
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was removed under reduced pressure. The obtained product was a dark brown material (24.4
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Control synthesis

Control synthesis was performed similar to the procedure described above, with the only
change that the silicon source, Mg,Si, was omitted during synthesis. Initially, more coloration
was observed during the reaction, due to the absence of the dark purple Mg,Si. The obtained

product was a dark brown material (24.5 mg).
Reaction between n-octane and Br,

Br; (0.54 mL, 10.5 mmol) was added to degassed n-octane (100 mL, 0.615 mol) and reacted
for 2 h at room temperature. Upon reaction, the orange color of Br, slowly fades. Subsequently,

samples were drawn and analyzed with 'TH-NMR spectroscopy.
Results and Discussion

Synthesis of Si QDs by oxidation of Mg,Si by Br,

To investigate structural and optical properties of nanomaterials prepared via the oxidation of
Mg,Si oxidized by Br, 3¢ as depicted in Scheme 1, this synthesis was carried out with only
minor changes: most importantly, commercial Mg,Si was used instead of synthesized from Mg
and Si, solvent was removed at reflux temperature, rather than at room temperature, and surface
passivation with n-butyllithium was carried out during 1 day, instead of during 2 days. Products
of these reactions here are denoted as Si QDs (in presence of Mg,Si) and Control (in absence

of Mg,Si).

. n-Octane i Y e ™ MeOH .
(@) Mg,Si+ Br; = 2 > » Nanomaterial
1.2hRT overnight, 0 °C 2h,RT
2. 18 h reflux
: n-Octane R e MeOH )
(b) MQESi + Br, . = » » Nanomaterial
1.2hRT overnight, 0 °C 2h, RT
2. 18 h reflux

Scheme 1. Synthesis of Si QDs (a) and Control (b).

Products were first characterized by 'H NMR spectroscopy, as shown in Figure 1. The spectrum
for Si QDs is in accordance with spectra published before. Signals at 0.88 ppm and 1.25 ppm

are observed and have been assigned earlier to respectively -CH3 and -CH,- protons of the butyl
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surface passivation.®¢ Similar peak broadening was observed as previously reported.>?
However, no proof for silicon-bound -CH,- protons around 0.6 ppm?’ was fog@dbo_@dgvlﬁg% aeh. %Z,“JS
whether such signals can be observed for these kinds of materials is still subject of debate.®® In
comparison with the Control, no obvious differences between the spectra are apparent. Signal
intensity was low for both samples, even at high concentrations (> 20 mg/mL), while no

precipitation was observed.

= Si QDs
e Control

|

CHCl3

7j5 7?0 6:5 6?0 5j5 5t0 475 4j0 315 3,.0 2?5 2..0 1:5 1?0 0j5 O:O
Figure 1. '"H NMR spectroscopy of Si QDs synthesis (top) and Control synthesis (bottom) in
chloroform-d.

FTIR spectroscopy of Si QDs (see Figure 2) corresponds well with earlier literature, although

OH vibrations around 3425 cm! were not observed in previous reports,>> or only to a minor

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

extent.> Vibrations around 2927 cm! correspond to CH, and CH3 groups, vibrations at 1456

cm! to CH, and CHj groups, and vibrations at 1377 cm™' to CHj; groups; all of them

Open Access Article. Published on 01 November 2019. Downloaded on 11/12/2019 6:20:16 PM.

characteristic for alkyl functionalities. Vibrations corresponding to Si-CH, bonds have been

(cc)

reported earlier to appear at approximately 1260 cm™!' and 1460 cm-!,4%-64.89.90 byt are generally
weak. Small vibrations were indeed observed at 1261 cm!, which might be related to Si-CH,
vibrations, although it is no strong support for Si QDs, as it may also be assigned to other
species. Vibrations at 1705 cm!' are also present, which has been observed earlier.’> 33
However, the nature of these species remain unknown, as these vibrations were not assigned.
The distinctive vibrations at 1073 cm™! are attributed to Si-O bonds, as a result of (partial)
oxidation of Si QDs.* 7 Notably, this signal was also observed in the Control, which makes
the assignment of these vibrations as unique for Si QDs uncertain. Moreover, no discernible

differences between Si QDs and Control were observed.
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Figure 2. FTIR spectra of Si QDs and Control.

Samples were further analyzed with TEM, as shown in Figure 3. It can be observed that non-
crystalline nanosized particles are present (size not quantified) in both cases. It should be
mentioned that both TEM grids were evaluated until areas were found with high contrast,
inducing that these images do not represent the full sample. However, such was performed in
order to show the notable resemblance with Si QDs reported previously.>? For the Control, it
can be excluded that these particles on TEM are Si QDs, indicating that mere particle
observations by TEM do not infer the presence of Si QDs by default. Particles might be
aggregates of organic matter, carbon dots, or a result of TEM sample preparation.”®- 80 8

Fluorescence by quantum confinement effects needs to be confirmed, regardless whether the Si

QDs are amorphous®! or crystalline.”?

Figure 3. TEM images of Si QDs (a) and Control (b).

Elemental analysis was performed in order to examine sample composition, the presence of
silicon in particular, as shown in Table S1. A Si amount of 2.2 wt% was found for Si QDs,
while for the Control a Si amount of 0.4 wt% was determined. In both samples, carbon (> 60
wt%) and bromine (> 3 wt%) were observed. In combination with product yield, the reaction

efficiency for silicon can be derived. At best, less than 1 mg elemental Si from the starting

8
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material (Mg,Si) can be traced back to Si QDs, which equals to 2.2% conversion of Mg,Si.
View Article Online

Considering the (slightly) higher Si content in Si QDs, conversion of Mg,Si may hayeneeneseshoosos

but is only marginal.

XPS analysis was performed to obtain more knowledge on the type of Si bonding in particular,
and further confirmed the presence of silicon. (See Figure 4 and Figure S1-4). After
deconvolution, a binding energy of 102.2 eV was observed for silicon in Si QDs, and a binding
energy of 102.4 eV was determined for the Control. In case of the Control, Si arose from minor
impurities, and therefore will be neglected. Binding energies around 102.2 eV are found for Si
QDs, indicating that no fully oxidized SiO, species were present, as binding energies would be
observed around ~103.5 eV.?> 3 However, XPS data on siloxanes shows similar binding
energies as Si QDs,” whereas such materials consist primarily of Si-O bonds. In both the
Control and Si QDs, it is not unlikely that similar oxygen-bound silicon material is present.
However, most importantly, binding energies at ~99.5 eV (depending on the oxidation state),
corresponding to Si-Si bonds, are absent, albeit expected in the case of Si QDs.?> 77 Hence, the

presence of appreciable amounts of Si QDs cannot be confirmed.

— Si QDs
e CoNtrol

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 4. XPS spectra Si QDs and Control (Si 2p scan).

Absorbance and fluorescence of Si QDs and Control are depicted in Figure 5. Si QDs revealed
no characteristic features in absorbance, as described earlier.’> >3 While it is known that QDs
show features that correlate to their size, proposed for Si QDs as well,”* the absence of features
may also be an effect of a heterogeneous particle size distribution. However, the similarity with

the Control is of more concern, indicating no discernable differences.

Fluorescent properties of the samples were subsequently assessed, as shown in Figure 5. Under
visible light, both samples are colorless to pale yellow, while under UV illumination bright
blue/green fluorescence can be observed, consistent with emission observed in excitation plots.

For Si QDs, fluorescence spectra are comparable to those reported before,’? although the
9
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emission observed for Si QDs at lower excitation wavelengths is somewhat stronger. For
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excitation wavelengths between ~260-320 nm, emission wavelength is centerecb@mm@g{;/c&.a&googgg

nm, while for higher excitation wavelengths, emission was red-shifted and rapidly decreased in
intensity. Thus, below excitation wavelengths of 320 nm, excitation-independent emission
dominates, while for higher excitation wavelengths, excitation-dependent emission is stronger.
The reported emission peak maximum (383 nm) in the literature is consistent with the maximum
in our spectra. However, the most effective excitation wavelength was reported to be at ~320
nm, whilst in our case, the lowest excitation wavelength at 260 nm was the most efficient. The
most plausible explanation would be that in the current work, more blue-emitting matter was
produced due to slight experimental differences. For instance, shorter reaction times or slightly
lower temperatures might possibly result in more blue-emitting material.? In Figure S5, the
strongly overlapping emission of Si QDs and Control can be observed, regardless of excitation
wavelength. The fluorescence emission of the Control cannot originate from Si QDs, yet still
the spectra from Si QDs show the same identical emission spectra as the Control, confirming
that fluorescence emission in both the Si QDs and Control samples is (mostly) determined by

species other than Si QDs.

Quantum yield (QY) of Si QDs, at an excitation wavelength of 350 nm, was determined via a

relative method.” QY was found to be 2.2 %, which is comparable with previously published

data.>? For the Control, QY was somewhat lower at 1.1 %.

(a) (b)

— Si QDs
Control

()

——— 260 nm

——— 260 nm
i 280 nm

300 nm

320 nm

340 nm
= 360 nm
—— 380 nm
—— 400 nm
—— 450 nm
SiQDs Control M. ——500nm

300 400 5-6-0 600 700 300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Normalized absorbance (-)

3
L]
8
>
=
(1]
c
[3]
g
=
[
[§)
c
Q
Q
(D)
(]
o
[=]
_:l
T

Fluorescence intensity (a.u.)

Figure 5. Absorbance of Si QDs and Control, with an insertion of both samples under UV
(excitation 405 nm) illumination (a), and an excitation plot of Si QDs (b) and Control (c) in
ethyl acetate, with excitation wavelength ranging from 260 to 500 nm (see also Figure S5).

By means of size exclusion chromatography (SEC) it was possible to separate the materials
based on their size, as shown in Figure 6, and evaluate the optical properties accordingly. For
Si QDs, it was observed that two populations are present, while only the smaller material
showed significant fluorescence. Complete SEC traces of absorbance and fluorescence can be

found in Figure S6. For fluorescence emission, it can be observed that for Si QDs and Control,
10
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fluorescence spectra were very comparable. In addition, both materials showed a size-
dependent fluorescence, which before was thought to be a result of quantum C@ﬂﬁ@l@%%%%é%é
Emission at 400 nm is strongest at 8.87 min, while emission at 550 nm was strongest at an
elution time of 8.60 min. Therefore, it can be concluded that solely size-dependent emission is

no proof for Si QD emission.

There are, however, more notable deviations in the case of the absorbance spectra. It can be
observed in Figure 6 that for both samples, absorbance is observed over a much broader range
(~ 3.5-10 min) than fluorescence (~ 8-9.5 min), indicating the presence of an emissive fraction
at longer elution times, and a less- or non-emissive fraction at shorter elution times. Absorbance
for Si QDs is much stronger than the Control at short elution times (~ 3.5-7 min), although
also in the Control absorbance was observed to a minor extent (see also Figure S7). A size
fractionation of this material has been carried out, revealing enhanced silicon content (0.6 wt%
vs 0.2 wt%),’® however, this species does not display strong fluorescence. Remarkably, a
similar effect was also found in carbon dots synthesis, where size-separation was performed via
dialysis.” Smaller materials (<1 kDa) showed strong fluorescence, while the larger materials
(= 50 kDa) showed much weaker fluorescence. This again suggests that in the samples
investigated here, the fluorescence emission is likely caused by small fluorescent materials,

other than Si QDs.
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Figure 6. SEC traces of absorbance (a) and fluorescence (b, c¢) of Si QDs, and absorbance (d)
and fluorescence (e, f) of the Control. Intensity of absorbance and fluorescence increases from
blue to red in the contour plots. Emission intensities in (c) and (f) were measured at four
different emission wavelengths.

The findings that the reactions carried out in the presence and absence of Mg,Si result in
products with almost identical properties raises questions concerning the actual nature of the
material formed. Therefore, it was attempted to determine the origin of these by-products.
Direct exposure of Mg,Si to Br; in the absence of a solvent and overnight stirring did not result
in any noticeable reaction. Alternatively, elemental (insoluble) silicon may have been formed,
as presumed for the Si QDs synthesis carried out in glyme.> In addition, it is known that
reactions between Mg,Si and aqueous HCI yield (higher) silanes,?”- *® assuming that aqueous
HBr would react in a similar fashion. Hereunder, it is shown that HBr is indeed formed during
Si QD synthesis, although it remains unclear whether other species (besides octyl bromides and

HBr) would form and how the reaction might proceed further.

After addition of Br; to the reaction mixture containing Mg,Si and n-octane, the color of the
Br, fades. This is also the case in the absence of Mg,;Si. Bromination of alkanes has been
demonstrated earlier,”-1%2 and results in the formation of alkyl bromides and HBr gas.!?> 'H

NMR spectroscopic analysis indeed confirms the formation of octyl bromides, as evidenced by

12


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9fd00099b

Page 13 of 20 Faraday Discussions

signals at 3.99, 4.04 and 4.13 ppm, which were assigned (primarily) to three isomers of
secondary octyl bromides (ratios not quantified, see Figure S8). Formation oﬁ@ogagiggfw;@ rt‘céeo%;“g;;
amounts of HBr gas was visually confirmed, as well as through the use of a pH indicator.
Despite considerable evolution of HBr gas, it should be noted that the solubility of HBr in n-
octane is also significant.!®3 Formation of octyl bromides was observed before, but was then
not considered to be the origin of strongly fluorescent material.>® Experimentally, products of
the reaction between n-octane and Br, were collected, possible residual Br, and HBr were
removed by extraction against water, and the organic phase, containing n-octane and octyl
bromides, was dried over Na,SO,. Subsequently, this mixture of n-octane and octyl bromides
was heated to reflux, and fluorescent material was again obtained. This indicates that HBr and

Br, are likely not essential to formation of fluorescent by-products upon heating, but rather

other, earlier formed species are, e.g. octyl bromides.

In addition to our critical assessment of Si QD synthesis by means of wet-chemical oxidation,
we stress that related work on Si QDs should be critically assessed as well, bottom-up syntheses

in particular.

In our view, most essential in Si QD synthesis are two aspects. Firstly, it should be shown
convincingly that (crystalline) Si QDs are synthesized successfully, preferably by an
appropriate combination of methods discussed below.?% 76 Secondly, it should be confirmed

that these Si QDs are indeed the true origin of displayed fluorescence. Careful purification and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

characterization are therefore essential. Frequently, successful fabrication of (size-tunable)

fluorescent Si QDs is claimed, almost entirely based on particles observed by TEM in

Open Access Article. Published on 01 November 2019. Downloaded on 11/12/2019 6:20:16 PM.

combination with fluorescence spectra. However, as indicated, the presence of (crystalline)

(cc)

particles alone is no direct proof for the formation of fluorescing Si QDs.”® 8% Furthermore, it
is not improbable that side products formed during synthesis might attach to the surface of true

QDs, further complicating observations.®°

As long as the quantum confinement model is applicable, evidence of a direct relation between
determined size and fluorescence emission would be of great value in this regard, for instance
achieved by fluorescence spectroscopy on size-separated samples. Alternatively, differently-
sized particles may be prepared and their respective sizes and fluorescence emissions can be
assessed.* 104 Unfortunately, surface effects influencing fluorescence, and thus reducing or
eliminating the effect of size on emission, especially towards smaller sizes, may complicate

such characterization.!0%
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Veinot and coworkers provided guidelines for the evaluation of Si QDs,?¢ which are in line with

Page 14 of 20
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a more general approach published on inorganic colloidal materials.!% In fact, characterizationoooos

can be performed almost inexhaustibly, and a combination of techniques will always be
required due to the complex nature of Si QDs.2% Most conveniently, information regarding
crystallinity can be obtained by TEM!?7- 108and XRD,”’ size is readily assessed by TEM and
SAXS,?> % while the nature of Si-bonding can be determined by Raman spectroscopy,!®
FTIR!%3. 110 and XPS.> The optical properties can be gathered through fluorescence and UV-
Vis spectroscopic analysis, while chemical composition can be determined by elemental
analysis and, trivial but important, by reporting product yields. Further insights can be gained
from techniques such as dynamic light scattering,'!! atomic force microscopy,'!?
thermogravimetric analysis,!'> NMR spectroscopy,’’ fluorescence lifetime experiments,!'!

ultracentrifugation, !>, size-selective precipitation,!?® and size exclusion chromatography.® 116

For purification, chromatographic separation based on size (e.g. SEC) or polarity (e.g. HPLC)
are powerful tools to remove (fluorescent) by-products,®® 117 while dialysis may be convenient
as well.”” It has been shown that purification in the field of nanotechnology was frequently
performed only to a limited extent, if at all, leading to misinterpretations.”® For instance, solely
centrifugation or filtration is typically insufficient.” Regarding dialysis, especially a molecular
weight cut-off below 20 kDa is not recommended, due to the limited ability to remove organic

residues.”

Our studies indicate that the reaction solvents may not be as inert as generally considered, and
can induce fluorescence (possibly in combination with other reactants), especially when heat or
microwave radiation is applied. For instance, it has been shown that refluxing ethylene glycol
readily results in fluorescent material,®* as was reported for poly(ethylene glycol) as well.!!3
The combination of sodium and refluxing diglyme has also been demonstrated to lead to
fluorescent by-products (indicated as polymerized diglyme).!' These by-products could also
form during the Si QD synthesis where sodium naphthalide is reacted in refluxing glyme.*! Gu
et al. obtained fluorescent materials when heating a series of solvents (DMF, DMAc, xylene,
n-hexane, cyclohexane) to 260 °C in an autoclave.!? Generally, reaction temperatures in wet-
chemical Si QD syntheses (e.g. glyme at 85 °C,>> %4 n-octane at 126 °C,>> 3 DMF at 153 °C>"
’8) and microwave-assisted Si QD syntheses (e.g. DMSO, DMF, acetonitrile at 160 °C,33
glycerol at 180 °C,'2! DMF at 275 °C3%) are slightly lower. However, it is important to rule out
the formation and/or insufficient removal of such fluorescent materials when comparable

conditions are employed. For example, the microwave-assisted synthesis in DMF at 275 °C was
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confirmed to result in the formation of fluorescent by-products.>* Hence requiring effective

. . . . . e . View Article Online
purification. Straightforward control experiments (without a source of silicon,sin. m@@g/@ﬁFS@ooggB
QDs) would help to confirm that the observed fluorescence does not originate from by-

products.’6 34
Conclusions

In the assessment of the wet-chemical oxidation of Mg,Si with Br, we observed the formation
of fluorescent nanomaterials, even in the absence of a silicon precursor. We demonstrated that
the materials formed in the presence and absence of Mg,Si display very comparable optical
properties. Not only the optical properties were similar, other physicochemical properties, as
determined by other characterization techniques were found to be similar. In fact, only SEC
characterization and elemental analysis revealed minute differences. However, no evidence was
found supporting the formation of Si QDs in substantial amounts. No crystallinity
corresponding to silicon was observed, no size-dependent emission different from the control
without Mg,Si was shown, and no proof for Si-Si bonds was observed. We suggest that wet-
chemical syntheses, especially those involving heating, can lead to the formation of fluorescent
by-products with similar optical properties to those of Si QDs. The presence of fluorescent
impurities might not easily be distinguished or detected due to generally high contents of
organic material in the samples and no need for the carbon material to be crystalline to show

size-dependent properties.’®

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The optical properties observed in Si QD synthesis should be convincingly linked to the actual

Open Access Article. Published on 01 November 2019. Downloaded on 11/12/2019 6:20:16 PM.

nanomaterial. This may be achieved by appropriate purification by chromatography and a

combination of characterization techniques to determine Si QD crystallinity, size, bonds,

(cc)

optical properties, composition and product yields. Considerations regarding Si QDs may also

be extended to other types of fluorescent nanoparticles.
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