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Selenium reduction pathways in the colloidal
synthesis of CdSe nanoplatelets¥
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José C. Martins (2 ° and lwan Moreels (2 *

Several established procedures are now available to prepare zinc blende CdSe nanoplatelets. While these
protocols allow for detailed control over both thickness and lateral dimensions, the chemistry behind
their formation is yet to be unraveled. In this work, we discuss the influence of the solvent on the syn-
thesis of nanoplatelets. We confirmed that the presence of double bonds, as is the case for 1-octadecene,
plays a key role in the evolution of nanoplatelets, through the isomerization of the alkene, as confirmed
by nuclear magnetic resonance spectroscopy and mass spectrometry. Consequently, 1-octadecene can
be replaced as a solvent (or solvent mixture), however, only by one that also contains a protons to C=C
double bonds. We confirm this via synthesis of nanoplatelets in hexadecane spiked with a small amount
of 1-octadecene, and in the aromatic solvent 1,2,3,4-tetrahydronaphthalene (tetralin). At the same time,
the chemical reaction leading to the formation of nanoplatelets occurs to some extent in saturated sol-
vents. A closer examination revealed that an alternative formation pathway is possible, through interaction
of carboxylic acids, such as octanoic acid, with selenium. Next to shedding more light on the synthesis of
CdSe nanoplatelets, fundamental understanding of the precursor chemistry paves the way to use opti-
mized solvent admixtures as an additional handle to control the nanoplatelet synthesis, as well as to
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Introduction

Starting with the pioneering work of Murray et al. in 1993," col-
loidal semiconductors with nanometer dimensions gained
progressively more attention, nowadays reaching marketable
technological applications such as displays, photodetectors or
energy harvesters.>” The progress in synthetic procedures over
the last three decades has allowed continuous improvement of
control over size, size dispersion, and shape, yielding tailored
optoelectronic properties and, at the same time, a detailed
understanding of the associated nucleation and growth
mechanisms.

A first, and key step in the synthesis process is given by the
formation of monomers from suitable metal and pnictogen,*
chalcogen,>® or halogen’ precursors. The monomer formation
rate determines the monomer supersaturation in solution, and
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reduce potential self-polymerization hurdles observed with 1-octadecene.

consequently the critical size of nuclei as well as the final
nanocrystal size, size dispersion and concentration.® Focusing,
in the context of this work, on metal chalcogenide nanocrys-
tals, initial studies targeted the mechanistic understanding of
the nanocrystal synthesis using phosphine chalcogenides,>’
yet, in an effort to avoid phosphine-based solvents and precur-
sors, attention rapidly shifted to 1-octadecene (ODE).

The earlier literature often referred to it as a noncoordinat-
ing solvent."®™* On the other hand, the reactivity of chalco-
gens with carbon-carbon double bonds is well known and also
industrially exploited, with vulcanization processes (pro-
duction of hard crosslinked rubbers) being the best example."?
Also for the CdSe quantum dot synthesis, it was rapidly rea-
lized that ODE can yield a source of reactive selenium.'*™°
Upon further investigation of the nature of the chalcogen pre-
cursor in ODE, Deng et al.'” demonstrated that dehydrogena-
tion of saturated alkane molecules at elevated temperature, of
300 °C, can lead to the formation of H,Se. Others, studying
either formation of H,S' or H,Se'® confirmed that this
mechanism is also present in ODE, albeit with a reduced yield
compared to a saturated alkane.'” These results align well with
the notion that selenium can be used as a dehydrogenating
agent in the determination of natural products’ structures, as
well as in the aromatization step of complex molecules.®*® In
addition to the formation of H,Se, Bullen et al.?° observed that

This journal is © The Royal Society of Chemistry 2024
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a different source of reactive Se is produced through isomeriza-
tion of the double bond in ODE, leading to reactive ODE,-Se,
species. In conclusion, the key observation is that all these
reactions reduce metallic Se° to Se*>”, a prerequisite to obtain
the CdSe monomers.

Among the various nanocrystal shapes that can be pro-
duced at present, nanoplatelets (NPLs) have recently emerged
as an exciting class of materials. The quantum confinement
along their thickness direction is defined by the number of N
monolayers (MLs, where the N Se crystalline planes are bound
to N + 1 planes of Cd), and is tunable with atomic precision.>*
The resulting NPLs possess peculiar optoelectronical pro-
perties compared to 0D quantum dots, such as a faster photo-
luminescence (PL) decay,> narrower emission line widths, and
higher optical gain coefficients,”** making them potential
candidates for efficient light-emitting diodes or lasers.>*®

Established procedures to synthesize NPLs are mostly based
on metal carboxylates as precursors and Se dissolved in ODE,
and yield highly luminescent zinc blende CdSe NPLs with
precise  control their thickness and lateral
dimensions.>*”** The approach can be generalized by the fol-
lowing chemical reaction:

over

AT

Cd(OOCR), + Se + ODE CdSeNPLs (1)

—
short—chained ligand

AT refers to the high temperatures, typically exceeding
200 °C, required in these syntheses. In addition, short-chained
cadmium carboxylates®® or carboxylic acids®® are added after
nucleation of small CdSe seeds to promote lateral growth of
2D nanocrystals. Several synthetic protocols allow for control
over the structural and optoelectronic properties of the result-
ing NPLs,”" but the underlying chemistry remains somewhat
ill-defined. In eqn (1), one can notice that the metallic Se® is
employed, which should again be reduced to Se>”. As the
metal center retains its oxidation state, the likely redox partner
is again ODE.

Considering its central role in the CdSe NPL synthesis, and
that recently, practical concerns about the usage of ODE were
reported, in particular its ability to form polymers of sizes
comparable to the nanocrystals, which can hamper proper
sample purification,”’*® we have investigated the precursor
chemistry behind the synthesis of CdSe NPLs. Focusing on the
behavior of ODE in the presence of Se, we confirm the active
participation of the C=C double bond in our synthesis,
however, here not leading to H,Se, but yielding (ODE-Se),. We
also demonstrate that an alternative pathway exists via a reac-
tion with carboxylic acids, leading to Se, anhydride complexes,
further enriching the reaction pathways. We finally demon-
strate that we can perform the synthesis in alternative solvents,
such as saturated alkanes (hexadecane) spiked with small
amounts of ODE, or in aromatic solvents (tetralin), both pro-
viding a source of C=C double bonds without requiring ODE
as main solvent.

This journal is © The Royal Society of Chemistry 2024
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Experimental
Materials

Cadmium oxide (>99.99%), sodium myristate (Na(myr),
>99%), octanoic acid (>98.0%), 1,2,3,4-tetrahydronaphthalene
(tetralin, synthesis grade) and chloroform-d (CDCls, d, 99.8%)
were purchased from Merck/Sigma-Aldrich. n-Hexadecane
(HD, 95%) was purchased from Fiers. 1-Octadecene (ODE,
90%), oleic acid (OA, 90%) were purchased by Alfa Aesar.
Cadmium nitrate tetrahydrate (99+%), propionic acid (99.5+
%), toluene (>99%), methanol (99.8+%) and 2-propanol (IPA,
99+%) were purchased from Chem Lab. Acetonitrile (ACN,
99.9%) was purchased from Carl-Roth. Selenium powder
(>299.99%) and cadmium acetate dihydrate 98% were pur-
chased by Acros Organics. All chemicals were used without
further purification. A vacuum/dry nitrogen gas Schlenk line
was used for nanocrystal syntheses. The purifications were
conducted in air unless specified otherwise.

Cadmium octanoate preparation (Cd(oct),)

The cadmium precursor was prepared according to a reported
procedure.*® Briefly, in a three-neck flask, 2.0 g (15.7 mmol) of
CdO was added to 6.5 mL (41 mmol) of octanoic acid. While
stirring, the system was heated under N, atmosphere to
180 °C, until a colorless solution is obtained. The reaction was
kept at 180 °C for 20 minutes and then cooled. During
cooling, between 110 °C and 80 °C, the mixture was connected
to a vacuum line to remove the water produced in the conden-
sation reaction. The colorless solution was rapidly transferred
to centrifugation tubes, acetone was added and a white solid
was precipitated after centrifugation. The solid fraction was
centrifuged with fresh acetone three additional times to purify
the reaction product, then dried overnight under vacuum.

Cadmium myristate preparation (Cd(myr),)

6 g of cadmium nitrate tetrahydrate were mixed with 400 mL
of methanol using a stirring bar. Separately, 10 g of Na(myr),
were mixed with 300 mL of methanol and sonicated for an
hour. The Cd solution was then added dropwise to the myris-
tate precursor over a period of approximately 4 hours, while
stirring. The mixture was then filtered using a Buchner funnel
in a Buchner flask connected to the Schlenk line. The final
product was dried overnight under vacuum.

Cadmium oleate preparation (Cd(OA), in ODE)

In a three-neck round bottom flask CdO (15 mmol) was added
to OA (45 mmol) and ODE (15 mL). The mixture was degassed
under vacuum at 80 °C for 1 hour. Under nitrogen, the
mixture was heated to 200 °C for 15 minutes, until full dis-
solution of the solid. After removing the thermomantle the
mixture was allowed to cool down and finally transferred into
vials for storage.

Synthesis of ODE-Se reagent

The selenium precursor was prepared according to a reported
procedure.’® In a 25 mL three-neck flask 1.02 mmol of sel-
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enium powder and 10 mL of ODE were added. The system was
placed under N, and then heated to 200 °C for 2 h. A yellow
solution was formed. The reaction mixture was transferred in
glovebox and passed through a 450 pm pore size syringe filter
to remove eventual unreacted selenium mesh. The reagent was
stored in glovebox.

Synthesis of OctAc-Se reagent

In a 25 mL round bottom flask, 1.25 mmol of selenium was
added to 10 mL of octanoic acid. The suspension was degassed
for 1 h at 100 °C, followed by heating, under N,, to 160 °C for
60 minutes. The temperature was then set to 220 °C for
30 minutes, followed by 230 °C for 30 minutes, until every-
thing dissolved. An orange solution was obtained, which upon
cooling down turned grey. The reaction mixture was trans-
ferred to a glovebox and passed through a 450 pm pore size
syringe filter to remove unreacted selenium mesh. A pale
yellow solution was obtained.

Synthesis of 3.5 ML CdSe NPLs with Cd(oct), in different
solvents

The NPLs were prepared with slight modifications to a pro-
cedure reported elsewhere.** Briefly, in a 25 mL three-neck
flask 0.50 mmol of Cd(oct), and 0.26 mmol of Se powder were
mixed with ca. 12 mL of the solvent of choice. Four different
trials were conducted: HD (12 mL, 40.8 mmol), ODE (12 mL,
37.5 mmol), HD + ODE (two different runs: 40.8 mmol HD +
0.06 mmol ODE and 40.8 mol HD + 0.5 mmol ODE, respect-
ively) and tetralin (12 mL, 88.0 mmol). The suspension was
degassed for 1 h at 100 °C, followed by heating the mixture,
under N,, to 160 °C for 10 minutes. The temperature was then
set to 220 °C and, at 200 °C, 100 pL (1.33 mmol) of propionic
acid dispersed in 1 mL of HD, was swiftly injected. The reac-
tion proceeded for 20-185 minutes at 220 °C, then heating was
removed to cool the system. When the temperature reached
160 °C, 0.80 g of Cd(OA), in ODE was injected, the suspension
was cooled to 80 °C and the mixture transferred into vials to
proceed with purification.

Synthesis of CdSe NPLs with Cd(oct), and ODE-Se reagent

The synthesis of CdSe was conducted following the same pro-
cedure described previously in HD (12 mL, 40.8 mmol), but
replacing selenium mesh with the equimolar amount of ODE-
Se solution (2.5 mL, 0.25 mmol Se). The purification was con-
ducted according to the protocol described below.

Synthesis of CdSe NPLs with Cd(oct), and OctAc-Se reagent

The synthesis followed the same procedure as for ODE-Se, but
with 199.4 mg Cd(oct),, 2.6 mL of OctAc-Se and 9.4 mL of HD.
The growth time was set at 60 minutes.

General purification protocol for CdSe NPLs

The crude synthesis product was mixed with 15 mL toluene
and 10 mL of a 1.5:1 (v/v) solution of IPA: ACN was added.
The suspension was centrifuged for 10 minutes at 4500 rpm.
The supernatant was discarded, the solid was redispersed in
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toluene and the precipitation was repeated twice. The final
solid was dispersed in 5 mL hexane and centrifuged at 4200
rpm to remove unreacted carboxylates. The solid was discarded
and the supernatant, containing CdSe NPLs, was collected and
stored in hexane.

Specific purification of CdSe NPLs synthesized in tetralin

We applied the general procedure above, however, in the last
step, we collected the precipitate containing CdSe NPLs, and
stored it in hexane.

Synthesis and purification of 2.5 ML CdSe NPLs

In a 25 mL three-neck flask, 0.50 mmol of Cd(oct), and
0.26 mmol of Se powder were mixed with 12 mL of HD. The
suspension was degassed for 1.5 h at 100 °C, followed by
heating the mixture, under N,, to 160 °C for 10 minutes. The
temperature was then set to 190 °C and, at 170 °C, 100 pL of
propionic acid dispersed in 1 mL of HD, was swiftly injected.
After 30 minutes, heating was removed to cool the system, and
1 mL of a 0.5 M Cd(OA), solution in ODE was injected, the sus-
pension was cooled to 80 °C and the mixture transferred into
vials to proceed with purification.

The crude synthesis product was first centrifuged at 2500
rpm for 10 minutes. The supernatant was retained, 1.2 mL of
IPA and 6 mL of EtOH were added, the mixture was centri-
fuged for 5 minutes at 5000 rpm and the resulting precipitate
was redispersed in hexane.

Synthesis and purification of 5.5 ML CdSe NPLs

In a 25 mL three-neck flask, 0.30 mmol of Cd(myr), was dis-
solved in 12 mL of hexadecane. The solution was degassed for
1.5 h at 100 °C, followed by heating, under N,, to 250 °C. At
that temperature, 24.5 mg of Se-mesh (0.31 mmol) in a
mixture of 800 pL of HD and 192 pL of ODE (0.6 mmol) were
injected. After one minute, 144 mg of Cd(Ac),:2H,0 was
inserted. The reaction proceeded for an additional 440
seconds, then the heating was removed, 300 pL of 0.5 M Cd
(0OA), in ODE was injected, and the reaction mixture was
cooled with in a water bath.

To purify the NPLs, 10 mL of the crude synthesis product
was mixed with 20 mL hexane, 200 pL of oleic acid, 10 mL of
IPA and 5 mL of EtOH. The suspension was centrifuged at
4800 rpm for 5 minutes. The precipitate was redispersed in
10 mL of hexane and centrifuged at 3000 rpm for 10 minutes.
Finally, the precipitate was discarded, and the supernatant was
stored.

Heating up of HD, ODE, and octanoic acid with selenium

In a 25 mL round bottom flask 1.25 mmol of Se was added to
10 mL of the solvent. The suspension was degassed for 1 h at
100 °C, followed by heating the mixture, under N,, to 160 °C
for 10 minutes. The temperature was then set to 220 °C for
30 minutes. While hexadecane remained colorless, deep
orange suspensions were obtained for ODE and octanoic acid.
The solvents turned orange (ODE) and pale yellow (octanoic
acid) after returning to room temperature. The reaction mix-

This journal is © The Royal Society of Chemistry 2024
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tures were transferred in a glovebox and passed through a
450 pm pore size syringe filter to remove eventual unreacted
selenium mesh. The final products were stored in a glovebox.

Transmission electron microscopy

Samples were prepared by drop-casting dilute n-hexane disper-
sions onto carbon-coated copper grids. Bright field TEM
images were acquired on a JEOL JEM-1011 microscope (W fila-
ment) operating at an accelerating voltage of 100 kV.

Optical characterization

Absorbance spectra were taken with a PerkinElmer Lambda
950 spectrometer. Photoluminescence measurements were
performed on an Edinburgh Instruments FLSP920 UV-Vis—
NIR spectrofluorometer, using a 450 W xenon lamp as the exci-
tation source.

NMR characterization

NMR measurements were recorded on a Bruker Avance III
spectrometer operating at a "H frequency of 500.13 MHz and
equipped with a BBI-Z probe. Samples for nuclear magnetic
resonance were dispersed in CDCl;. The sample temperature
was set to 298 K. Standard pulse sequences as present in the
Bruker library were used throughout. '"H and "C chemical
shift scales were calibrated by using the residual solvent signal
as a secondary reference against TMS.

Liquid and gas chromatography, coupled with mass
spectrometry

LC-MS analysis was performed on an Agilent (Santa Clara, CA,
U.S.A) 1100 Series HPLC coupled to an Agilent G1946C MS
detector equipped with an electrospray ionization source,
using a Kinetex column (C18, 150 x 4.60 mm, 5 pum particle
size). The flow rate was 1.5 mL min~" using a gradient consist-
ing of 5 mM NH,OAc in H,O and CH;CN. Optimized gradients
were used for each CLiP. GC-MS analysis was performed on an
Agilent G1800B GC-MS system equipped with an electron
ionization source, using a SSL inlet and helium as carrier gas.

Results and discussion

Our study conveys a description of the ODE reactivity in the
synthesis of CdSe NPLs. In this study we have worked under
reaction conditions used for the synthesis of 3.5 monolayer
(ML) thick CdSe NPLs, recently reported.*® We refer to our
earlier work for the characterization of the reference NPLs,**
and summarize the procedure in eqn (2):

Cd(OOCR), + Se + solvent % 3.5 ML CdSe NPLs @)
2

(1) = 200°C, CH3CH,COOH, (2) = 220°C, 20 min

Step (1) consists of raising the precursor mixture to a temp-
erature of 200 °C, inducing a nucleation of CdSe seeds, and
subsequently adding propionic acid to promote lateral growth.
The NPLs are further grown in step (2), at 220 °C for

This journal is © The Royal Society of Chemistry 2024
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20 minutes. Cadmium octanoate (Cd(oct),) was used as a
metal precursor, as the chemical yield in NPLs is expected to
be higher compared to other carboxylates.?* The investigation
aimed to pinpoint the role of the C=C double bond moiety in
the reaction. If the alkene behaves simply as a noncoordinat-
ing solvent, one can rationalize that a solvent with comparable
polarity and viscosity would not heavily impact the synthesis.
Additionally, the potential self-polymerization issue in ODE*’
could be completely avoided using a fully saturated alkane. We
selected n-hexadecane (HD) as an alternative to ODE, as this
solvent was recently demonstrated to be a viable medium for
different nanocrystal syntheses.*”°

Working in identical conditions as in eqn (2), but changing
the solvent composition to HD, Fig. 1 demonstrates that the
synthesis progression in the two media is noticeably different.
In particular, while in ODE the expected 3.5 ML NPLs with a
band gap around 460 nm are readily formed after 120
seconds® (Fig. 1a), in HD mainly 2.5 ML NPLs with a band
gap around 390 nm (ref. 40) are formed (Fig. 1b), in addition
to a small fraction of 3.5 ML NPLs and a broad background
presumably due to scattering from large sheets.>**"**> We infer
that the different reactivity of the selenium precursor in the
presence of ODE can be the explanation for the observed be-
havior. To strengthen this hypothesis, we have registered
control experiments in which we have added known amounts
of ODE (0.06 mmol and 0.5 mmol, respectively) to the HD
solvent (12 mL, 40.8 mmol). The results are reported in Fig. 1c
and d. Even with the small ODE amounts used, the spectra
show a reduced background absorption and a relative intensity
increase of the signals related to 3.5 ML NPLs, compared to
2.5 ML NPLs. This already suggests that the presence of the
carbon-carbon double bond moiety causes ODE to partake in
the NPL reaction, and that higher ODE concentrations increase
the overall reaction rate, including the transformation rate
from 2.5 ML to 3.5 ML NPLs via Ostwald ripening.> ODE
being a reagent has a double importance: firstly, it adds
another layer of complexity to the system, as its concentration
influences the evolution of the reaction. This information can
be used for the optimization of the synthesis conditions e.g.,
to stabilize different NPL populations at given reaction temp-
eratures. On the other hand, reducing the amount of ODE
could reduce the potential self-polymerization issue that was
discussed earlier by Dhaene et al.*’

As for the reactivity, it was suggested that the naturally
occurring polynuclear selenium can form complexes of nucle-
arity Se, (x = 2-3) when treated at high temperatures (T >
200 °C) with species containing alkene protons, and radical
mechanisms were suggested to take place in these
conditions.'®'****> Tg address the solvent-chalcogen reactiv-
ity, we heated mixtures of selenium and ODE or HD under the
same conditions as in eqn (2), and we sampled the reaction
mixture via nuclear magnetic resonance (NMR) spectroscopy.
The "H spectrum of the heated HD-Se mixture proved to be
identical to the pristine HD (ESI, Fig. S1}), indicating that HD
remains unaltered during heating. In agreement with this, no
noticeable color change was observed after the heating (ESI,
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ODE b) HD C) HD + 0.06 mmol ODE d) HD + 0.5 mmol ODE

Absorbance (a.u.)

T T T 1T T T T T 1

T T T 1T T T T T 1

300 400 500 600 700 300 400 500 600 700 300 400 500 600 700 300 400 500 600 700

Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 1 Temporal evolution the absorption spectrum of aliquots collected during NPL synthesis performed under conditions as in eqn (2), using
different solvents. (a) ODE (12 mL, 37.5 mmol, reproduced from ref. 34), (b) n-hexadecane (HD, 12 mL, 40.8 mmol), and (c) and (d) HD with known
amounts of ODE added (HD + 0.06 mmol ODE and HD + 0.5 mmol ODE, respectively).

Fig. S21). It has been reported in CdX (X = S, Se) syntheses
that, starting from elemental chalcogens in saturated hydro-
carbon solvents, reactive H,X evolved accompanied by the
dehydrogenation of the alkane to alkene.'>'”*® The absence of
signals in the characteristic alkene chemical shift region of
5.0-6.0 ppm discards this possibility under the synthesis con-
ditions used in our work. Additionally, a test with Pb(OAc),
doped paper did not show any precipitate (PbSe). Hence, we
did not observe any evidence of selenium reduction from the
HD solvent in our experiments.

On the other hand, ODE displays a different behavior. After
mixing selenium with ODE, the mixture evolves from colorless
to dark orange at high temperatures, turning dark yellow after
returning to room temperature (ESI, Fig. S2t). Fig. 2 shows the
"H and *C NMR spectra of the heated mixture of Se and ODE.

In the 'H spectra, new resonances are now visible. First, the
emerging multiplet appearing around 5.4 ppm (a in Fig. 2b)
can be attributed to the presence of non-terminal alkene
protons.”® This is due to the formation of additional double
bonds, e.g., octadec-1,3-diene, or to the formation of C=C
isomers, e.g., 2-ODE, 3-ODE and related organoselenium com-
plexes. Both options are reported in literature when double
bonds with available allylic protons react with selenium at
high temperature.'®**** The new signals appearing in the
region 1.55 ppm-1.75 ppm (g, ¢, y of Fig. 2c) are compatible
with allylic CH; or CH, in f position to a double bond.
Furthermore, the additional resonance appearing around
1.95 ppm (n in Fig. 2c) is compatible with the presence of a
CH, in allylic position to the isomerized double bond, e.g.,
CH3;CH=CH-CH,R in 2-ODE, as well as to a related organose-

4 5
a b c
) 3 \/ 6 ) )
—— ODE 2 1 l
—— ODE + Se l
1 ‘ | o 1 H y
Wi
I L J u L ‘.
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
8 6 4 2 0 6.0 5.6 5.2 4.8 24 20 16 1.2 0.8
'H Chemical Shift (ppm) 'H Chemical Shift (ppm) 'H Chemical Shift (ppm)
d) 6 4 2 e)
X!
5 13 3
2 1 * 345 |6 " .
- , "
, Il |l v Ji e Tlllu _.Il - - I l "
a B n Y
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
150 100 50 0 136 132 128 124 120 40 35 30 25 20

*C Chemical Shift (ppm)

*C Chemical Shift (ppm) *C Chemical Shift (ppm)

Fig. 2 (a) *H NMR (CDCls) spectra of ODE (red) and of the heated mixture ODE-Se (blue) and (b) and (c) magnifications on two regions of (a),
showing the emergence of new signals. (d) APT *C NMR (CDCls) spectra of ODE (red) and of the heated mixture ODE-Se (blue) and (e) and (f)
insets on two regions of (c) (* = residual solvent. a, B, v, €, n, ¢ new signals). The peak assignment follows the structure reported on top of panel (d).
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lenium complex (vide infra). Finally, the multiplet centered
around 2.5 ppm (p in Fig. 2c) can be assigned to a CH, in «
position to a double bond of an organo-chalcogen species.
Note that this peak also appears in the work of Bullen et al.,
however, it was not further investigated.® In conclusion, the
analysis of the 'H spectra points toward the isomerization of
1-ODE and the formation of related organo-selenium com-
plexes. It has been proposed that the chalcogen behaves as a
hydrogen transfer agent.'® This means that its interaction with
C=C double bonds is expected to be similar to the one of
dioxygen, with the isomerization of the double bond proceed-
ing via a radical mechanism.'®2%**

A similar conclusion can be drawn from the analysis of the
13C attached proton test (APT) NMR spectra of the same
species, as shown in Fig. 2d-f. **C APT is routinely used in
organic synthesis as it allows to encode the multiplicity n of
the different -CH,, units in a compound into a positive (for
CH/CH;) or negative (for CH,/C,) signal phase, adding relevant
structural information compared to a regular 1D *C.*” The
presence of new positive signals in the region 123.6 ppm-
131.7 ppm (a, B, Fig. 2e) is compatible with the formation of
=CH moieties, as the two groups of signals (123.6-124.5 ppm
and 130.9-131.7 ppm) can be related to the migration of the
double bond along the aliphatic chain, as a consequence of
the proposed radical mechanism.'®*>** In addition, the two
negative signals at 32.6 and 26.9 ppm (g, ¢ in Fig. 2f) can be
attributed to CH, in o and B position to a double bond,
respectively. Finally, the positive signal around 18.2 ppm (y in
Fig. 2f) can be assigned to a CH; in a position to a double
bond. To sum up, chemical-shift based analysis of the 1D
NMR experiments support that, in our synthesis conditions,
selenium acts as a hydrogen transfer agent, promoting the iso-
merization of the alkene and the formation of activated orga-
noselenium complexes. The chemical shifts of the emerging
species are summarized in Table 1.

To confirm this analysis and reveal the underlying structure
of the newly formed molecules, we have also registered 2D
NMR experiments. The heteronuclear single quantum corre-
lation (HSQC) spectra of the heated mixture of ODE and Se is
shown in ESI, Fig. S3.f Protons with signals around 5.4 ppm (p
in Fig. 2) are bound to the emerging =CH with '*C signals in
the region 123.6 ppm-131.7 ppm (a, p in Fig. 2e). This is in
agreement with the double-bond isomerization (e.g., 2-ODE,
3-ODE) and related organoselenium complexes. The coupling
between the new Hy doublet and the Cy (Fig. 2) suggests the
formation of a CH; in a position to a double bond (e.g,
2-ODE) and associated organoselenium complex. This is also

Table 1 Summary of the chemical shifts positions for the new NMR
signals emerging from the heated ODE-Se mixture — the signals are
shown in Fig. 2 and refer to the nomenclature in Fig. 3

Nucleus o B n € 0} Y
'H (ppm) 5.40 2.54  1.96 1.59 1.71 1.63
3G (ppm)  132.2 125.0 36.5  33.1 27.3 18.3

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

in agreement with the COSY spectrum (ESI, Fig. S4}), where
the new Ha signal is adjacent to the Hy and Hn (Fig. 2c) as it
would be for 2-ODE.

To ensure that the new NMR signals were arising from the
ODE-chalcogen interaction, we performed another control
reaction. Working in the same conditions as in eqn (2), we
heated ODE alone at 220 °C. The heating did not result in an
evident colour change (ESI, Fig. S21) and the proton and
carbon NMR spectra did not show significant differences from
the pristine ODE (ESI, Fig. S5T). This conveys that the newly
formed signals are due to the interaction between the alkene
and selenium.

We summarize our experimental results and propose the
possible reactive ODE-Se precursor for our CdSe NPL synthesis
in Fig. 3. It agrees well with the assighment of Bullen et al.,*
who observed the same species in the CdSe quantum dot syn-
thesis. We confirmed this structure with liquid and gas chrom-
atography coupled to mass spectrometry (LC-MS and GC-MS,
respectively). The LC-MS profile (ESI, Fig. S61) shows a peak at
m/z = 663, which can be assigned to the [M + H]" ion of a
species containing 2 Se + 2 ODE fragments (Fig. S61).>° When
we look at the GC-MS profile and its related fractions (ESI,
Fig. S7 and S8%), a second species possesses a peak at m/z =
252 (ESI, Fig. S7t), which is attributable to 1-ODE and its
isomers (e.g. 2-ODE, 3-ODE etc.). Additional components can
be discerned with m/z = 250 (ESI, Fig. S8t), probably due to the
formation of conjugated diolefins deriving from subsequent
ODE dehydrogenation (e.g., octadec-di-enes). From both NMR
and MS, we can thus conclude that, for the CdSe NPL syn-
thesis, the presence of allylic positions to a double bond is an
important reactive framework for selenium. Data reveal that
the main components formed are 2-ODE, 3-ODE, and ODE-Se,
complexes as depicted in Fig. 3.

Since ODE-chalcogen mixtures were already used for col-
loidal nanocrystal synthesis, we have also prepared and used a
ODE-Se suspension.’® We again monitored the gas evolution
during the precursor preparation, and a lead acetate paper test
did not yield any evidence of H,Se formation during the
heating. Next, we performed a synthesis in identical conditions
as in eqn (2), but using ODE-Se as chalcogen precursor and
hexadecane as solvent. The absorption spectra (Fig. 4a) clearly
support the formation of CdSe NPLs, which was confirmed by
TEM (Fig. 4b). Also during the synthesis, lead acetate tests did
not evidence any evolution of H,Se. This shows that we pre-
pared a similar Se precursor as in typical NPL synthesis in

Fig. 3 Proposed structure for the reactive species forming during
heating of ODE and selenium at 220 °C. The dashed lines refer to a
variety of possible isomers (either for the selenium species or for the
C=C double bond) hypothesized following the experimental results.
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Fig. 4 (a) Temporal evolution of the absorption spectra of aliquots col-
lected during a modified version of procedure in eqn (2), using n-hexa-
decane (HD) as solvent and the ODE-Se reagent as chalcogen source
and (b) TEM image of the final particles obtained. (c) Absorption spec-
trum of NPLs obtained by a modified version of procedure (2), using tet-
ralin (molecular structure in inset) as solvent. (d) TEM of the final par-
ticles obtained (scale bar equals 50 nm in both TEM images).

ODE (eqn (2) and Fig. 1a), but now using an ex situ method. In
this case, HD can replace ODE as solvent.

The NMR results demonstrate that an alkene possessing
allylic protons behaves as hydrogen transfer agent,'®"’
enabling the formation of reactive selenium. With this in
mind, we used an aromatic solvent, 1,2,3,4-tetrahydronaphtha-
lene (commonly known as tetralin), as solvent for an NPL syn-
thesis. The solvent possesses a relatively high boiling point (b.p.
=207 °C), has a lower tendency to polymerize when compared to
ODE and it has been used as an additive to reduce the average
molecular weight of polymers.*® These features are potentially
beneficial for the subsequent nanocrystals purification. To test
the reactivity of tetralin, we have conducted a synthesis following
the procedure in eqn (2) using this solvent. The absorption spec-
trum and TEM image of NPLs grown for 30 minutes are shown in
Fig. 4c and d. Also in this case, the absorption spectra of the ali-
quots can be attributed to 3.5 ML NPLs, and the TEM analysis
confirms NPL formation. Once again, a radical reaction pathway
can be expected, based upon literature results.'®'****> Given the
lower self-polymerization tendency, tetralin is a promising solvent
for NPLs that do not require temperatures above 207 °C for their
synthesis. We can conclude that both linear alkene and aromatic
solvents are suitable for the synthesis of CdSe NPLs, the only pre-
requisite being the presence of extractable protons in o to a C=C
double bond.

While we have shown that the synthesis of CdSe NPLs is
strongly impacted by the choice of the solvent, some NPL for-
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mation was still observed in a saturated alkane such as HD. In
this respect, Riedinger et al. recently showed that CdSe NPLs
can be obtained in a melt of cadmium carboxylate and sel-
enium, hypothesizing that selenium acylates (or acylselenides,
(ROC),Se, see Fig. 6a) are the reactive chalcogen species.*>°
Additionally, they prepared (ROC),Se with different organic
backbones R and used them in an NPL synthesis*® with ODE
as a solvent, and in the synthesis of CdSe clusters with HD as
a solvent.*>*"

To explore this reaction pathway, we heated up a mixture of
selenium and octanoic acid (OctAc, b.p. = 237 °C) at 220 °C
and investigated the products formed. As an excess of octanoic
acid, and even propionic acid,** are used in our synthesis, one
can assume that either (or both) may interact with selenium.
During heating, we observed a color transition from grey to
deep orange (ESI, Fig. S9t). This is already similar to what was
observed in the heated ODE-Se mixture. The suspension turns
pale yellow after cooling to room temperature, together with
the separation of a red solid, probably red selenium.'®*%%°2
'H and "CNMR spectra were collected from the reaction
supernatant, and are shown in Fig. 5 together with the spec-
trum of pristine octanoic acid. In the 'H spectrum, a new reso-
nance appears around 2.42 ppm (« in Fig. 5b), with an inten-
sity comparable to the '*C satellites of the main octanoic acid
a CH, peak, located at 2.32 ppm. The *C NMR spectrum is
shown in Fig. 5d-f Also here, after heating, two new signals,
around 35.3 and 24.2 ppm (o and f, respectively) appear.
These can be assigned to new carbons in « and B position to a
new C=O0O moiety. A new signal emerging around 169 ppm (y
in Fig. 5) can be assigned to a quaternary carbon. The new
signals are summarized in Table 2. We also ran a control reac-
tion, heating octanoic acid alone at 220 °C. The final product
was again analyzed via NMR spectroscopy. New signals appear
in the "H and '®C spectra of the heated mixture, at similar
chemical shift, yet with reduced intensity (ESI, Fig. S107).

Interestingly, comparing our results with the chemical
shifts reported by Riedinger et al*® for acylselenide, we
observe key differences. In our case, the chemical shifts of the
OctAc-Se mixture and the heated octanoic acid sample can be
assigned to octanoic anhydride (spectral database for organic
compounds (SDBS),”>® no.: 7738). While it is clear from
Riedinger et al.*® that acylselenides are a viable Se precursor,
we do not find evidence for its formation when heating octa-
noic acid with selenium, which instead may be activated via
formation of a complex with the anhydride. In Fig. 6b we show
the possible structure of the selenium complex, taking the for-
mation of anhydrides into account. To demonstrate that it can
also lead to the formation of NPLs, we ran a control reaction,
using the heated OctAc-Se as precursor. We observed that 3.5
NPLs are indeed formed, together with a sizeable fraction of
0D quantum dots (ESI, Fig. S11%), hence, it is clear that, at
high temperatures, selenium forms a reactive complex with
organic acids such as octanoic acid, further enriching the Se
precursors present during NPL synthesis.

Finally, adaptation of the synthesis conditions (see
Methods section) can also yield NPLs with different thickness.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) 'H NMR (CDCls) spectra of pristine octanoic acid (red) and of the heated octanoic acid—Se mixture (blue) and (b) and (c) magnifications
on two regions of (a), showing the emergence of new signals. (d) APT **C NMR (CDCls) spectra of pristine octanoic acid (red) and of the heated octa-
noic acid—Se mixture (blue) and (e) and (f) magnifications on two regions of (c). (* = residual solvent. o, B, y: new signals). The peak assignment

follows the structure reported on top of panel (d).

Table 2 Summary of the chemical shift positions for the new NMR
signals emerging from the heated OctAc—Se mixture — the signals are
shown in Fig. 5 and refer to the nomenclature in Fig. 6b

Nucleus o [} Y

'H (ppm) 2.42 — —

3¢ (ppm) 35.3 24.2 169.0
a) b)

R o R
\/\( \lr\/
o, 0
'S
J o
/ﬁ\)l\ J\/\
R Yo R
o
Fig. 6 Proposed selenium reactive species in NPLs syntheses. (a)
Acylselenides (as proposed in ref. 49). (b) Selenium complexation by

anhydrides formed in situ (x = 1, 2, ..., refers to the possibility of for-
mation of multinuclear Se—Se structures).

For instance, we already observed that a synthesis in HD yields
mostly 2.5 ML NPLs (Fig. 1b). When performing the reaction
in HD, using elemental Se, and lowering the growth tempera-
ture to 190 °C, we obtained 2.5 ML NPLs (Fig. 7a and b).
Interestingly, in contrast with our previous results, where we
obtained extended nanosheets by growth at 160 °C,** here we
obtained substantially smaller NPLs, with average width and
length of 9 nm by 27 nm (ESI, Fig. S12} for the associated his-
tograms). Additionally, Fig. 1d shows that a reaction per-

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Synthesis of different NPL thicknesses (a) absorbance spectra of
2.5 ML (pink), 3.5 ML (blue) and 5.5 ML (green) NPLs. (b—d) TEM images
of 2.5 ML NPLs (b), 3.5 ML NPLs (c) and 5.5 ML NPLs (d). The scale bars
equal 50 nm.

formed in HD with 0.5 mmol of ODE, using elemental Se,
already yields a sizeable fraction of 3.5 ML NPLs after
20 minutes. Considering that this fraction increases by
Ostwald ripening and digesting of the 2.5 ML NPLs,** by
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simply extending the growth time, here to 185 minutes, we
could obtain nanoribbon-like 11 nm by ca. 150 nm 3.5 ML
NPLs (Fig. 7a, ¢ and ESI, Fig. S121). Finally, with a slight modi-
fication of the precursor concentrations with respect to the
synthesis of Singh et al.,** we could obtain 5 nm by 24 nm 5.5
ML NPLs, grown in a solvent mixture of HD with 0.6 mmol of
ODE, using elemental Se (Fig. 7a, d and ESI, Fig. S127). Note
that further optimization may still be possible, as the crude
product was polydisperse (ESI, Fig. S13}), however, careful
purification largely removed the undesired fractions.

Conclusion

In this work, we have explored the reactivity of the different
components that lead to the synthesis of CdSe NPLs. Starting
from the role of the dispersive medium and from literature
reports, we have shown that the role of the typical solvent,
ODE, is often overlooked. By combining NMR and MS analyses
we confirmed that the carbon-carbon double bond moiety
reacts with selenium, allowing for the reduction (and thus acti-
vation) of the chalcogen. As we have found no evidence of reac-
tion between selenium and textitn-hexadecane (HD), we have
used this solvent to exploit the alkene reactivity in different
syntheses, either spiking HD with known amounts of ODE, or
using a ODE-Se reagent prepared beforehand. We show that is
it possible to reduce the amount of ODE injected in the col-
loidal synthesis. No clear evidence of H,Se formation was
observed, and via NMR and MS studies, we infer that the
improved reactivity is due to organo-selenium complexes
arising from chalcogen-alkene interaction and the isomeriza-
tion of the carbon-carbon double bond provided by available
allylic protons. This concept was exploited to obtain NPLs
using tetralin as solvent, with results similar to ODE. We
believe that the dispersive medium should be considered as
one of the reagents in the synthesis, unless proven otherwise.
Given that NPLs could still be obtained in HD, we have then
shifted our attention to the reaction between carboxylic acids
and selenium. Via NMR spectroscopy we show that the two
species can interact, likely leading to selenium-anhydride com-
plexes. Our results were adapted to grow a variety of CdSe
thicknesses, and can lead to rationalization of the chemistry
underlying the colloidal synthesis of 2D nanocrystals.
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