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Semiconductor quantum dots (QDs) have shown great
potential for biological labeling' as well as in optoelectronic
devices.>> These applications have utilized the size-de-
pendent properties of QDs, which allows for precise tuning
of their optical properties. Predominately, II—VI QDs have
been used in many recent applications because of the
availability of countless synthetic procedures and high
quantum yields. However, III-V QDs emerge as ideal
candidates for many applications due to their large exciton
Bohr radii (34 and 53 nm for InAs and InSb, respectively)®
and narrow bandgaps. This allows the III—V QD optical
bandgap to be tuned across a very large energy range,
expanding from the mid-IR to UV. Additionally, research
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into biocompatible QDs has motivated several groups to
forego using cadmium-, selenium-, or tellurium-containing
nanocrystals in favor of III—V materials for health and
environmental considerations.’

Currently, solution-phase synthetic approaches to nanoc-
rystalline III—V QDs have relied upon dehalosilyation,® '
metathesis,'""'? single-source precursors,'*!* or hydrothermal
processes.'” Reaction schemes involving metathesis or single-
source precursors typically require high temperatures (>400
°C) or reaction times up to several days'’ and yield
polydisperse nanocrystals with very little size control.
Conversely, dehalosilyation reactions and colloidal methods
have provided good diameter control and yield highly
crystalline QDs at lower temperatures and shorter times.
These methodologies have been applied to the synthesis of
several III—V semiconducting QDs such as: InP,2 19 InAs,'0
GalnP,,” and GaP.” However, synthetic progress has lacked
in other III—V systems such as GaSb and InSb, mostly
because of the absence of an appropriate antimony-containing
precursor.
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Scheme 1. Synthetic Pathway to
Tris(trimethylsilyl)antimony

Na+ (C,,Hg) = Na*[C,H] ™

3Na"[C,,Hg] ™ + Sb— Na,Sb + C, H,
Na,Sb + 3(C1)Si(CH,), — Sb[Si(CH,),]; + 3NaCl

The synthesis of tris(trimethylsilyl)antimony, (TMS)Sb,
was first reported by Amberger and Salazar.'® The experi-
mental procedure involved the condensation of liquid am-
monia over elemental lithium and antimony, followed by
silyation to generate the desired product. In this report, we
present results on the synthesis, isolation, and characterization
of tris(trimethylsilyl)antimony and its utility as a precursor
for antimony-containing quantum dots. This experimental
procedure does not require the use of liquid ammonia, but
instead uses commonly available organic solvents. The
availability and proper characterization of a suitable precursor
will enable researchers to further develop synthetic proce-
dures yielding high-quality nanocrystalline III—V QDs.

(TMS)3Sb was produced according to a reaction Scheme
1, in which NasSb is an intermediate. The synthesis of Na;Sb
was adapted from a similar procedure used to generate
sodium phosphide'” that determined it was necessary to use
an aromatic solvent for the production of NasP. The necessity
of aromaticity can possibly be explained by the formation
of a donor—acceptor complex from a one-electron reduc-
tion of the aromatic species by the alkali metal.'® Such
complexes have been shown to increase the reaction rates
for reductions of many transition metal complexes.'” For the
production of NasSb, it is unclear whether the donor—acceptor
complex is actively participating as an intermediate in the
formation of the antimony salt or merely acting as a catalyst,
assisting in the reduction of the metallic antimony. In either
case, it appears as though the formation of such a complex
may be essential in the reaction mechanism associated with
the production of sodium antimonide. Aromatic solvents
alone were not sufficient to produce appreciable yields. It
was only after the addition of a catalytic amount of
naphthalene to the aromatic solvent that total yields of greater
than 50% were realized.

To complete the reaction, Na;Sb is silyated by the addition
of three equivalents of chlorotrimethylsilane. Several reaction
byproducts were observed (i.e., trimethylsilyl-naphthalene
and benzyltrimethylsilane) in low quantity (<1%) by MS
analysis. However, these byproducts were easily removed
by fractional distillation, allowing for the isolation of a
colorless product with >50% yield. Upon exposure to air/
moisture, (TMS)3Sb quickly decomposed by combustion.
Verification of structure was made by mass spectroscopy and
nuclear magnetic resonance spectroscopy.
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The MS data shown in Figure 1 represent a fragmentation
pattern consistent with the desired structure.”® The best
evidence for the chemical composition is clearly seen in the
inset of Figure 1. Here, the isotope pattern of the parent peak
(m/z 340) is presented and can be compared to the calculated
pattern. An excellent match between the experimental and
theoretically predicted MS data was observed indicating that
that the correct elemental composition was obtained. To
observe this match, it was necessary to account for the
abundances of the naturally occurring isotopes of not only
the two antimony ('*'Sb 57% and '**Sb 43%) and three
silicon isotopes (**Si 92%, 2°Si 5%, and *°Si 3%), but also
the carbon and hydrogen isotopes as well.

Additional characterization of the compound by '"H and
13C NMR was performed and the results are consistent with
the expected structure. A comparison of the chemical shift
values for (TMS);Sb (6 'H 0.34 ppm, '°>C 5.1 ppm) to the
phosphorus (0.28 ppm, 4.0 ppm) and arsenic analogues (0.30
ppm, 4.31 ppm?') reveals a clear trend. As the size of the
anion increases (P < As < Sb), the chemical shift for the
methyl increases for both 'H and "*C. Additionally, the peak
in the '"H NMR spectrum exhibits coupling between the
hydrogen and silicon nuclei analogous to tetramethylsilane.
The coupling constant was measured to be 3 Hz, which is
on the order of the coupling constant (6 Hz for tetrameth-
ylsilane) between the spin 1/2 *°Si nuclei and a vicinal
hydrogen.?* Thus, the successful preparation of (TMS);Sb
was demonstrated on the basis of spectroscopic data from
both NMR and MS. This compound provided the first step
in the development of a synthetic pathway to III—Sb QDs.

A colloidal synthetic pathway via transsilylation of
In(O,CR); with (TMS);Sb was investigated as a route to InSb
QDs. Analogous to the procedures developed by Battaglia
et al.,'? as well as Lucey et al.,”® we attempted to create
colloidal dispersions of our group III ion. Unfortunately, it
was determined that indium oxides are insufficiently soluble
with any of the desired ligands. This necessitated the use of
indium acetate, which would readily dissolved in a host of
ligands, including fatty acids. (TMS);Sb dispersed in trio-
ctylphosphine was quickly injected into the colloidal disper-
sion at an elevated temperature. The burst of nucleation was
readily apparent upon injection by the immediate color
change from transparent to yellow. Growth quickly followed
and was evident by the slow change of color from yellow
through the visible region eventually turning black. After
cooling to room temperature, excess ligand and solvent were
removed by sequential washings with methanol and hexanes,
yielding a stable suspension of InSb QDs in hexanes. The
product was soluble in nonpolar solvents such as hexanes
and toluene, but insoluble in polar solvents such as methanol
(inset Figure 2). Analysis of the soluble nanocrystals by
absorption and fluorescence spectroscopy is shown in Figure
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Figure 1. Electron impact mass spectroscopy of (TMS)3Sb. (Inset) Isotope
patterning of parent peak compared to the calculated patterning for the pure
compound.
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Figure 2. Band-edge emission (dashed) and absorption (solid) for InSb QDs
with a diameter distribution centered at ~6 nm. (inset) InSb QDs show
good solubility in organic solvents, such as hexanes, but are completely
insoluble in methanol. The emission spectra were acquired using 475 nm
excitation.

2. The slow “turn-on” of the absorption edge coupled with
the 100 nm (233 meV) emission fwhm in the photolumi-
nescene spectrum in the range of 700—1000 nm indicates
that we have quantum confined InSb nanoparticles, but that
sample size is somewhat polydisperse. This polydispersity
would account for the broad absorption profile and lack of
other distinct excitonic absorption peaks. Despite the poly-
dispersity, the emission has been shifted greatly from 0.17
eV (7294 nm), where band-edge emission occurs in bulk
InSb, indicating strong quantum confinement arising from
its nanoscale dimensions.

Analytical expressions have been developed to correlate
nanocrystal size to optical bandgap.>* Commonly referred
to as the Brus equation, this methodology has found
widespread use for a variety of semiconductors. Typically,
this expression has been applied to absorption data that best
measure the lowest excited-state energy that this model relies
upon. However, the lack of resolved features in the absor-
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Figure 3. (a) STEM image of InSb quantum dots and (b) single InSb QDs
showing individual lattice planes.

bance spectra convolves the analysis and necessitates the use
of the photoluminescence data. On the basis of the emission
range for our sample (Figure 2), we calculated a diameter
distribution encompasing 8.3 and 9.5 nm. Unlike small
exciton Bohr radii semiconductors (i.e., CdSe, ZnS, etc.,...),
InSb undergos a large bandgap shifts for very small size
variations. Therefore, realistic diameter distributions (~10%)
will result in broadened optical features perhaps obscurring
them completely. This result demonstrates the potential for
controllable tuning of emission spanning the MID-IR to
visible region by varying the particle size within this material
system. However, special attention to diameter distributions
will be necessary to produce spectrally narrow emission.

To verify the size distribution and crystallinity of our
product, we performed TEM by drop casting a QD suspen-
sion onto a lacey carbon TEM grid. The polydispersity
indicated by the optical spectroscopy was confirmed via
STEM analysis as shown in Figure 3a. QD sizes can be seen
to range between 3 and 13 nm with an average of 6 nm.
Additionally, the crystalline nature of the product was evident
upon imaging individual nanocrystals. Individual lattice
planes are clearly resolvable for the QD shown in Figure
3b. It has been suggested that electron-beam-induced crystal-
lization can occur and therefore TEM images do not represent
unequivocal substantiation of crystallinity. However, our
TEM images are consistent with optical data demonstrating
large confinement energies (which would not be expected
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for an amorphous material) and support the crystalline nature
of the product.

As an additional verification that the nanocrystals observed
were in fact InSb, their elemental composition was deter-
mined using energy-dispersive spectroscopy (EDS; see the
Supporting Infomation). After averaging several scans across
varying areas of the sample, the ratio of indium to antimony
was determined to be 1.05:1.00. The EDS and TEM data
coupled with the spectroscopic results are strong evidence
for the successful preparation of InSb quantum dots.

In summary, a synthetic procedure was developed for the
preparation of tris(trimethylsilyl)antimony. (TMS);Sb was
utilized as a precursor in a colloidal synthetic approach to
prepare InSb quantum dots. Characterization of the QDs by
TEM and EDS verified their nanoscale dimensions, crystal-
linity, and composition. A large shift from the bulk bandgap
(0.17 eV) to the near-IR (1.55 eV) was observed and is
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consistent with expected quantum confinement based on their
size. This work provides a new synthetic pathway for the
preparation of III—Sb QDs, which should enable new studies
of their fundamental physical and chemical properties and
perhaps improved optoelectronic devices.
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