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In the synthesis of CdSe nanoplatelets, the selenium-to-selenide
reduction pathway is unknown. We study solvent-free growth of
CdSe nanoplatelets and identify bis(acyl) selenides as key reactive
intermediates. Based on our findings, we prepare a series of bis(acyl)
selenides that provide useful precursors with tailored reactivity for
liquid-phase syntheses of nanoplatelets.

CdSe nanoplatelets (NPLs) are quasi-two-dimensional semi-
conductor nanocrystals with precise atomic-scale thickness.'™
Due to their spectrally pure fluorescence,*™® large absorption
cross-sections,” and enhanced energy-transfer rates,® they have
been heavily studied for applications.®™** To obtain these
materials, the standard synthesis involves heating long-chain
cadmium carboxylates (e.g. cadmium myristate or cadmium
oleate) with elemental selenium in a non-coordinating solvent
(1-octadecene, ODE). At a certain temperature, cadmium acetate
powder is introduced, triggering zincblende NPL formation."**
We have recently exploited a simple solvent-free route to unravel
the growth mechanism that leads to the highly anisotropic shape
of NPLs."> However, the critical selenium reduction pathway in
this process remains unclear. Understanding this chemistry can
lead to further control of NPL growth and improved production of
high-quality materials.

Our solvent-free route to CdSe NPLs involves heating a solid
blend of cadmium propionate and elemental selenium. CdSe
NPLs grow in the melt from cadmium propionate coordination
polymers.'®> We stress that the utility of this approach is not to
obtain high-quality NPLs for applications but rather to study the
underlying chemistry under simplified conditions. Here, we take
advantage of this solvent-free reaction and investigate the reactive
organo-chalcogenide intermediates that form by performing
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in situ thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and electron ionization mass spectrometry
(EI-MS). Based on our results, we then synthesize a series of
bis(acyl) selenide molecules at the multi-gram scale. The reactivity
of these selenide precursors towards cadmium carboxylates can
be tuned by molecular design. Thus, useful molecular precursors
are obtained for the growth of CdSe NPLs.

When solid mixtures of cadmium carboxylate [e.g.
Cd(propionate),] and Se powder are heated to 200 °C under
N,, CdSe NPLs are obtained along with CdO (Fig. 1). The same
reaction with S powder yields analogous results for CdS NPLs.
The presence of CdO is providing an important clue about the
reaction mechanism. Our goal is to use this and other clues to
identify the chalcogen reduction pathway in this reaction.
Because Cd is already in its highest oxidation state, Se and S
must be reduced by the only other reactant, the propionate
(or its decomposition products). To determine the intermediates
involved, we collected TGA and DSC data in situ while measuring
EI-MS of volatile species (Fig. 2). We analyzed reactions with
Cd(propionate), alone and mixed with equimolar amounts of
S or Se. In all three cases, weight loss below 180 °C was
negligible (Fig. 2a). Above this temperature, differences
between Cd(propionate), alone or with Se or S were observed
in DSC (Fig. 2b). In addition to the melting of Cd(propionate),
at 180 °C, the samples with chalcogen showed melting of
elemental Se (220 °C) and S (115 °C), respectively. These
findings can be combined with the simultaneously recorded
EI-MS data. In general, EI-MS of transition-metal propionates
shows two distinct decomposition products: propionyl radicals,
observed as propionyl cations with a molecular ion peak of
M" =57, and 3-pentanone with M* = 86."”'® For Cd(propionate),
alone, both species were observed below 250 °C. With Se or S,
these were absent (see Fig. 2c and Fig. S1 in the ESIY).

These data lead to our proposed reaction mechanism for
CdSe (or CdS) NPLs (Fig. 2e). The absence of propionyl radicals
in the presence of Se (S) strongly suggests the formation of
bis(propionyl) selenide (sulfide). These molecules can then
react with Cd(propionate), to yield CdSe (CdS), releasing
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Fig. 1 Heating cadmium propionate and Se powder to 200 °C for 18 h
yields zincblende (zb) CdSe NPLs (inset: transmission electron micrograph,
100 nm scale bar). The powder X-ray diffraction pattern of the product is
plotted (black). The reflections for CdSe NPLs are shifted to lower angles
compared to bulk zb CdSe (blue, PDF: 01-088-2346 19-191).1° Other
observed reflections are consistent with CdO (red, PDF: 01-073-2245
5-640) and Se (green, PDF: 01-083-2437 6-362). Several additional weak
reflections are present presumably due to unreacted Cd(propionate), or Se
in various modifications. Such phases can be present in the crude reaction
product of the simple solvent-free reaction examined here.

propionate anions and propionyl cations. The latter can decom-
pose to carbon monoxide, ethene, and protons (Fig. 2e). These
protons can then be captured by free propionate to yield
propionic acid. Indeed, traces of this molecule were detected,
but only with Se and S (M" = 74, Fig. 2d). Thus, bis(propionyl)

View Article Online

ChemComm

selenide (or sulfide) appears to be the reactive chalcogenide
intermediate in NPL growth. Note that CdO, which was present
in Fig. 1, is an expected by-product of the in situ formation of
bis(propionyl) selenide (or sulfide) (Fig. 2e).

Fig. 2 also presents results for Te. However, the equimolar
mixture of Cd(propionate), and Te behaves similarly to
Cd(propionate), alone. This is consistent with the observation
that when blends of Te powder and Cd(propionate), are heated
to 200 °C, CdTe NPLs do not form. This may be due to the
higher melting point of Te (450 °C). Unfortunately, the reaction
temperature cannot simply be increased; Cd(propionate), starts
to decompose above 200 °C (Fig. 2c). Thus, this synthetic
approach cannot yield CdTe, because reactive Te compounds do
not form. This is reflected in the mass trace of Cd(propionate),
with Te, which closely resembles the trace of Cd(propionate),
alone at useful reaction temperatures.

However, for Se and S, our work suggests that bis(acyl)
selenides and sulfides are involved. More generally, they could
be exploited as precursors in nanocrystal syntheses, where
elemental Se or S is often combined with metal carboxylates.
Recently, substituted thio and selenourea precursors with
tailored reactivity were used to improve PbS and PbSe quantum
dots."?° Libraries of bis(acyl) selenide or sulfide precursors could
similarly allow for tailored reactivity. In contrast to substituted
thio or selenourea, bis(acyl) chalcogenides yield only carbonyl
byproducts after reaction with cadmium carboxylates. It is well
known that the by-products of nanocrystal syntheses with
thio or selenoureas (amines and most likely carbamides) can
significantly influence growth.”">> Hence, bis(acyl) selenides or
sulfides should be better for syntheses where amines and
carbamides have a negative impact. This is expected for CdSe
and CdS NPL syntheses, which rely on phase separation of
cadmium carboxylate coordination polymers.”> Amines and
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In situ analysis of the reactive chalcogenide species formed in melts of Cd(propionate),. (a) Thermogravimetric analysis (TGA) and (b) differential

scanning calorimetry (DSC) data for Cd(propionate), alone or with one equivalent of S, Se, or Te. Cd(propionate), with Se or S showed melting of Se
(220 °C) or S (115 °C). The melting of Cd(propionate), occurred in all samples (180 °C). (c and d) During TGA/DSC measurements, volatile species were
analyzed by electron-ionization mass spectrometry (EI-MS). Below 250 °C, propionyl radicals (M*, mass-to-charge ratio of 57) were detected only for
Cd(propionate), alone or with Te (c). Release of propionic acid (M* = 74) was observed only with Se or S (d). (e) The reaction mechanism consistent with
TGA/DSC/EI-MS data. Decomposition of Cd(propionate), yields propionyl radicals, which are captured by Se (or S). The resulting bis(propionyl) selenide
(sulfide) reacts with Cd(propionate), to produce CdSe (CdS) NPLs, releasing propionate anions and propionyl cations. The latter decompose to ethene,
carbon monoxide, and protons. Free propionate can capture these protons. Indeed, propionic acid was detected only in samples containing Se (or S). See

also Fig. S1in the ESI.f
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Scheme 1 One-pot reaction for multi-gram synthesis of bis(acyl) selenides.

carbamides can break down these polymers* and should be
avoided.

To investigate the utility of bis(acyl) selenides as precursors,
we adapted a known synthesis®*** (Scheme 1) to obtain multiple
grams of bis(acyl) selenides from a one-pot reaction. First, lithium
aluminum hydride is reacted at —10 °C with elemental Se in
tetrahydrofuran (THF) to form LiAlHSeH, a greyish solid. Without
further purification, addition of acyl chlorides to this selenating
agent yielded bis(acyl) selenides. We synthesized three different
examples: bis(stearoyl) selenide (1), bis(benzoyl) selenide (2), and
bis(4-chloro-benzoyl) selenide (3). After purification by recrystalliza-
tion, we characterized the products by 'H, *C, and "’Se nuclear
magnetic resonance spectroscopy (NMR, see ESIT).

As the reaction between bis(acyl) selenide and Cd(carboxylate),
to yield CdSe is expected to be of the Lewis acid/base type,***’ the
Lewis basicity of the selenide precursor determines its reactivity. In
aliphatic compound 1, only inductive electron pushing depolarizes
the C-Se bond. In aromatic compounds 2 and 3, mesomeric effects
cause further depolarization of this bond. Moreover, in compound
3, the lone-pair electrons of Cl are conjugated with the aromatic
system resulting in a lower Lewis basicity compared to 2. Thus, the
reactivity towards Cd(carboxylate), should decrease from 1 to 2 to 3.
We confirmed this trend with a liquid-phase synthesis of quasi-
spherical CdSe quantum dots (QDs). 1, 2, or 3 was combined
with Cd(oleate), in ODE at 180 °C, as described in the ESLt

a unpurified reaction products
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Fig. 3

unpurified reaction product 1

View Article Online

Communication

The resulting QD size (Fig. S2, ESIt) increased from 1 to 2 to 3,
as expected from the predicted reactivity.>°

We then tested our bis(acyl) selenide precursors in the
liquid-phase reaction of CdSe NPLs. The goal was not to
improve the quality of CdSe NPLs obtained, but to test if the
reactivity of the selenide precursor influenced the nucleation
and growth. Following classical nucleation theory, control over
the nucleation process can be gained through changes in
surface energy (y), temperature (7), and supersaturation (S).
In NPL syntheses, 7 is given by the carboxylate surface passiva-
tion and largely fixed. Current NPL syntheses primarily control
nucleation via T (i.e. changing the temperature at which the
cadmium acetate is added). Here, we demonstrate that the
precursor reactivity (via changes in S) also allows control over
the nucleation process in NPL syntheses.

For this, Cd(myristate), in ODE was degassed at room
temperature and heated under N, to 240 °C. Acetic anhydride
(1 eq.) was injected, and the mixture was allowed to stand for
1 min at 240 °C. Acetic acid, which forms in situ, reacts
with Cd(myristate), to yield mixed coordination polymers
Cd(myristate),_,(acetate),, which phase separate from ODE."
Then, precursor 1, 2, or 3 was injected and the reaction was
allowed to continue at 240 °C for 9 min, followed by quick
cooling to room temperature. Fig. 3a plots the resulting absorp-
tion spectra of the unpurified reaction products. Fig. 3b and ¢
show the corresponding transmission electron microscopy
(TEM) images for 1 and 2, respectively. We intentionally
avoided any size-selective purification to obtain a full picture
of the reaction products.

The product obtained correlates with the precursor reactivity.
The most reactive precursor 1 yielded mostly thin 3-monolayer
(ML) thick NPLs [heavy-hole optical transition (hh) at
~460 nm]."® The less-reactive precursor 2 gave primarily 4 ML
CdSe NPLs (hh at ~510 nm)."® Precursor 3 was apparently not
sufficiently reactive, yielding polydisperse CdSe QDs.

unpurified reaction product 2

(a) Absorption spectra of CdSe NPLs synthesized by combining 1, 2, or 3 with Cd(myristate),_(acetate), in ODE at 240 °C (aliquots after 10 min,

measured without further purification). Precursor 1 yields 3 monolayer (ML) NPLs [heavy-hole optical transition (hh) at ~460 nm], 2 yields 4 ML NPLs
(hh at ~510 nm), and 3 yields mostly quantum dots. (b and c¢) Transmission electron micrographs of the unpurified reaction product for NPLs synthesized
with (b) 1 and (c) 2. Scale bars are 100 nm. We intentionally avoided any size-selective purification before analysis to see all products. XRD patterns for the

products are shown in the ESI.

This journal is © The Royal Society of Chemistry 2018
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The spectra at early time points further clarify these observations
(Fig. S3, ESIT). In the synthesis with 1, just traces of 4 ML NPLs are
present after 2 min, while with 2 and 3, they are much more evident.
This is seen from their absorption features at ~510 nm. With 3
however, larger quantities of QDs are also observed early. As we have
recently shown,'® thin NPLs grow faster than thicker NPLs but are
less stable. Indeed, the thermodynamically most stable shape for
CdSe nanocrystals are quasi-spherical QDs. Hence, in all three
syntheses, 3 ML NPLs are expected to appear early but disappear
due to Ostwald ripening as the reaction proceeds.”® The released
[CdSe] monomers can redeposit either on other 3 ML NPLs (Ostwald
ripening within a thickness population) or on thermodynamically
more stable 4 ML NPL seeds or QDs. In the synthesis with 1, in
which very little 4 ML NPLs or QDs are available, mainly lateral
Ostwald ripening within a thickness population is observed.”®
However, in the synthesis with 2, 4 ML NPL seeds are present in
sufficient quantities that the monomers mainly deposit on them,
leading after 9 min predominantly to 4 ML NPLs. In the synthesis
with 3, even though 4 ML NPL seeds are present, QDs are the most
abundant species. Over time, the material transferred from NPLs to
QDs only increases, driven by the high initial QD concentration.
These results demonstrate effects on nucleation by tailoring the
precursor reactivity via their molecular design.

In summary, we have identified bis(acyl) selenides (and
sulfides) as reactive organo-selenium precursors for nanocrystal
growth. We uncovered such species as intermediates during a
detailed analysis of the solvent-free synthesis of CdSe (CdS)
NPLs. While we focused here on the selenides, we note that
some of the bis(acyl) sulfides are commercially available. In
addition to the utility of these chalcogenide precursors in
liquid-phase synthesis of semiconductor nanocrystals, such pre-
cursors can provide tailored reactivity for studying the funda-
mentals of nucleation and growth of these materials.
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