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Abstract

To exploit the distinctive optoelectrical properties of nanomaterials, precise control over the
size, morphology, and interface structure is essential. Achieving a controlled synthesis demands
precursors with tailored reactivity and optimal reaction temperatures. Here, we introduce
organoborane-based selenium and tellurium precursors borabicyclononane-selenol (BBN-SeH)
and tellurol (BBN-TeH). The reactivity of these precursors can be modified by commercially
available additives, covering a wide range of intermediate reactivity and filling significant
reactivity gaps in existing options. By allowing systematic adjustment of growth conditions,
they achieve the controlled growth of quantum dots of various sizes and materials. Operating
via a surface-assisted conversion mechanism, these precursors rely on surface coordination for
activation and undergo quantitative deposition on coordinating surfaces. These properties allow
precise control over the radial distribution and density of different chalcogenide atoms within
the nanoparticles. Diborabicyclononanyl selane ((BBN),Se), an intermediate from the BBN-SeH
synthesis, can also serve as a selenium precursor. While BBN-SeH suppresses nucleation,
(BBN),Se exhibits efficient nucleation under specific conditions. By leveraging these distinct
activation behaviors, we achieved a controlled synthesis of thermally stable nanoplates with
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different thicknesses. This study not only bridges critical reactivity gaps but also provides a
systematic methodology for precise nanomaterial synthesis.
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Nanomaterials have been extensively explored over the past few decades in a wide

range of areas, including fundamental science, engineering, and commercial applications.
Key characteristics of nanomaterials encompass the sensitive dependence of optoelectrical
properties on their size and morphology, solution processability, and customizability of their
properties. Prior research has highlighted the need for precise synthesis control. In 2D
materials, atomic precision is required along the quantum-confined axis.! In semiconductor
nanocrystals, known as quantum dots (QDs), optoelectronic properties are sensitively
affected not only by their size but also by detailed interfacial structure, such as alloy profile,
and crystal defects.2~ Critical properties to be controlled in nanomaterials include size,
particularly along the quantum confined axis, size uniformity, shape, atomic arrangement
at the interface, and surface properties. In general, solution synthesis is preferred due

to its scalability and lower technical barriers, but it poses significant challenges in
controlled synthesis. Solvothermal synthesis often involves entangled reactions with ill-
defined intermediates, making it difficult to tune the reaction kinetics and methodically
produce nanomaterials with desired structures.

Studies on QDs, one of the most extensively studied nanomaterials, highlight the importance
of precursors with optimal reactivity and well-defined reaction pathways for controlled
synthesis.>8 Achieving suitable kinetics for solute production is critical for controlling

size and morphology as well as achieving high crystallinity. Various strategies have been
developed to tune precursor reactivity, such as leveraging the steric hindrance of precursors
to modulate their reactivity toward counterion salts,’ selecting precursors with different
bonding configurations such as thiol, thiourea, and elemental sulfur,8 and altering the bond
polarity using distal groups.®-10 However, these approaches have fundamental limitations:
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each precursor covers a narrow range of solute production kinetics without a systematic
method to identify the optimal precursor reactivity for high-quality QD production. The
optimal conditions sensitively depend on the size and composition of the nanomaterials.
Unfortunately, existing precursors often fail to achieve the desired reactivity, and optimal
conditions for different systems are mostly identified by trial and error. Moreover, the need
to synthesize different precursors to test various reactivities adds to the complexity. Here,
we introduce a suite of chalcogenide precursors, characterized by well-defined reaction
pathways and tunable reactivity across a wide spectrum, to enable systematic and controlled
synthesis of high-quality nanomaterials. Building on our recently developed organoborane-
based sulfur precursor,11:12 we have developed the organoborane-based selenium (Se) and
tellurium (Te) precursor chemistries that would address the critical reactivity gap in the
scarce Se and Te precursor selections and offer unparalleled control in the synthesis of
chalcogenide-containing nanomaterials.

Se-incorporating QDs have broad applications, including HgSe QDs in near-infrared
imaging!3 and electroluminescence devices,14 PbSe QDs in photovoltaics,® and ZnSe QDs
in blue light-emitting diodes.16 However, the variety of Se precursors is limited, with a
notable lack of options offering intermediate reactivity. The first-generation Se precursor,
hydrogen selenide,1” has been phased out due to its high toxicity and reactivity and is

now rarely used in the field. The most commonly used Se precursors are alkylphosphine-
Se, such as trioctylphosphine-Se (TOP-Se) and tributylphosphine-Se (TBP-Se), but they
have low reactivity and require high reaction temperatures, limiting their applications. For
example, ZnSe growth on InP QD cores requires a reaction temperature of >340 °C.18

Due to the high reaction temperature requirement, ZnSe shell growth is not feasible on
small InP QD cores with low melting temperatures ( 7,,,). To tolerate high-temperature
synthesis, additional cations like Zn,19 Ga,2% or Cu?! have been incorporated into InP cores.
However, even with this strategy, uncontrolled alloying is often unavoidable, which alters
their optophysical properties. Another limitation of trialkylphosphine-Se is a low conversion
yield (~30%).22 The addition of dialkyl phosphine or diarylphosphine, which act as reducing
agents, greatly improves the yield but they involve highly entangled reaction pathways
making it difficult to fine-tune the conversion kinetics.23 Phosphine-free Se precursors,

such as octadecene-Se (ODE-Se)24 and oleylamine (OLAm)-Se,2> have been developed

to address the instability and toxicity of alkylphosphines. While these precursors become
reactive at lower temperatures (200-250 °C), they rely on Se radical generation,28 which

is inherently sensitive to impurities and involves ill-defined reaction pathways for QD
synthesis. The selenourea precursors are activated around 240 °C and do not involve radicals
serving as attractive Se precursors.2” However, there is still a wide gap in intermediate
reactivity, failing to cover reaction temperatures below 240 °C. More importantly, altering
the reactivity requires the synthesis of different precursor molecules. Furthermore, all
existing precursors use common reaction pathways for nucleation and growth, inevitably
coupling them and causing secondary nucleation under some reaction conditions.

While less common, Te-containing QDs are gaining attention for applications in
optoelectronics,?® solar cells, and bioimaging. For example, PbTe QDs have been
incorporated into solar cells, 2% Ag,Te QDs30 and HgTe QDs31:32 have been used as
active layers of photodetectors, and ZnSeTe alloyed QDs have been explored as blue
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and green light emitting materials in electroluminescence devices.33:34 The selection

of Te precursors is more limited. Early precursors like polyanion tellurides prepared

using superhydrides3® and hydrogen telluride (H,Te)36 fell out of favor due to their
excessive reactivity and high toxicity. The superhydride-based synthesis suffers from
reaction uncontrollability; the excess amount of strong reducing agents and polytellurides
(Tep2") induces the uncontrolled formation of Te nanoparticles along with the desired

QDs due to their excessive reactivity. The widely used Te precursor is TOP-Te, as for

other chalcogenides. However, its low reactivity necessitates high reaction temperatures and
the use of excess amounts of phosphines, making precise control of QD shape and size
difficult. Tris(dimethylamino)-phosphine telluride ((Me,N)3P:Te) has higher reactivity than
TOP-Te due to the electron-donating character of the amino-N lone pairs.3” Activation

of (Me,N)3P:Te viatransamination has enabled the synthesis of CdTe nanoplatelets
(NPLs) and nanowires at low reaction temperatures of ~100 °C. However, there remains

a substantial reactivity gap for Te precursors that cannot be covered by TOP-Te, Te 2™, and
(Me;N)3P:Te.

The Se and Te precursors reported here, (15,55)-9-borabicyclo[3.3.1]Jnonane-9-selenol
(BBN-SeH) and (15,59)-9-borabicyclo[3.3.1]nonane-9-tellurol (BBN-TeH), parallel our
recently developed 9-sulfanyl-9-borabicyclo[3.3.1]nonane (BBN-SH).11.12 As previously
reported, the coordination of Lewis bases (LBs) to the empty orbital of the boron

atom predictably modulates the strength of the boron-chalcogen bond. This modulation
achieves controllable reactivity of BBN-EH (E:S, Se, and Te) precursors and precursor
conversion across a wide range of synthesis temperatures (130-270 °C). Commercially
available boron-coordinating LBs (c-LBs) with substituents of varying electron-donating
strengths effectively regulate the reactivity of BBN-EH over a wide range of synthesis
temperatures relevant to various QDs spanning a wide range of sizes and materials.
Altogether, organoborane-based chalcogenide precursors represent a distinct precursor type
where a single precursor covers a very wide reactivity range through reactivity modulation
with chemical additives and enables controlled precursor deposition on QD cores of
various sizes and compositions at mild temperatures. Additionally, unlike other existing
precursors, they employ a surface-assisted quantitative conversion mechanism where the
nucleation and growth reaction pathways are separated, eliminating secondary nucleation
during growth. We leveraged these properties to grow high-quality ZnSe shells on small InP
cores free of cation dopants and to incorporate Te atoms into the ZnSe QD matrix with
precise control over their radial distribution and density. We have also utilized di((15,55)-9-
borabicyclo[3.3.1]nonan-9-yl)selane ((BBN),Se), an intermediate compound used for /n
situ generation of BBN-SeH, as a Se precursor for nanoplatelet (NPL) synthesis. By
combining its nucleation capability with the nucleation inhibition property of BBN-SeH,
we enabled the synthesis of highly thermostable NPLs, remaining stable up to 200 °C. We
also showed that variation of the ligand composition leads to the production of different
NPL species, likely due to modulation of the energy landscape of metastable NPL structures.
Expanding the selection of precursors, particularly those with intermediate reactivity, marks
a significant step forward in the controlled synthesis of diverse nanostructures, including
both nanoparticles and 2D structures. Furthermore, the dual role of BBN-EH in feeding
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nanomaterial growth and surface stabilization provides distinct control over the growth
kinetics and thermal stability of the resulting materials.

RESULTS AND DISCUSSION

Synthesis of BBN-SeH and Reactivity Modulation via c-LB Coordination.

Different from BBN-SH, which is synthesized by a one-step reaction from H,S under
ambient conditions, BBN-SeH synthesis necessitates a two-step reaction under air-free
conditions. Instead of using HoSe, which is highly toxic and volatile, we first synthesized
(BBN),Se using the 9,9”-bi-9-borabicyclo[3.3.1]nonane (BBN dimer) and Se powder. As
(BBN),Se forms, the reaction produces hydrogen gas, providing a visual indicator to
monitor the progress of the reaction. The reaction was stopped after 1 h when Hy gas no
longer evolved. (BBN),Se was then converted to BBN-SeH by adding aniline (Figure 1a).
Electrospray ionization-mass spectroscopy (ESI-MS) confirms the formation of (BBN),Se
(Figure S1) and BBN-SeH (M, m/z= 202.08, Figure S2a). The observed /m/z distribution
is in close agreement with the mixture of simulated data from [M]* (CgH15BSe), [M +

H]* (CgH16BSe), and [M+3H]* (CgH1gBSe) (Figure S2b). 1B NMR spectra also show
the conversion of (BBN),Se (~59 ppm) to BBN-SeH (~52 ppm) and the aniline-BBN
complex (~85 ppm) upon aniline addition (Figure S3). BBN-SeH exhibited extremely high
susceptibility to oxidation, swiftly transitioning from the colorless solution (BBN-SeH)

to white solids upon exposure to air. Even in air-free conditions, such as in a glovebox,
BBN-SeH degraded rapidly. Thus, we developed an /n situ production method in which
BBN-SeH is produced during QD growth. To accommodate the air sensitivity of (BBN),Se,
we synthesized (BBN),Se under air-free conditions and stored it in a glovebox until use.
(BBN),Se and c-LB of choice were transferred to the air-free reaction vessel containing
reagents required for QD growth, including premade core seeds, cationic precursors, and QD
ligands. The addition of aniline to the reaction vessel results in the /7 situ production of
BBN-SeH, inducing QD growth upon heating.

We confirmed the controllable adjustment of the BBN-SeH reactivity by monitoring ZnSe
QD growth after adding different c-LBs, mirroring our approach with BBN-SH (Figure 1b).
For ZnSe QD growth, zinc oleate was used as a cationic precursor and oleic acid, OLAm,
and TOP were used as ligands. Activation of BBN-SeH would cause QD growth, inducing
the first absorption peak to red-shift; thus, the temperature that initiates the red-shift of

the first absorption peak is defined as the induction temperature (Tjnq) (Figure 1c). For

this experiment, we tested dimethylaminopyridine (DMAP), 1-methylpyrrolidine, picoline,
3-chloropyridine (3-CIPy), and 4-(trimethylfluoro)-pyridine (4-CF3Py) as c-LBs. With these
c-LBs, BBN-SeH was activated at a wide range of temperatures (130-230 °C), covering the
growth temperature ( 7growth) Of 130-250 °C for ZnSe QDs, the intermediate temperature
range that is not accessible with existing Se precursors. Previous studies show that TOP-Se
requires >340 °C for growing ZnSe shells on InP QD cores.18 Additionally, ODE-Se and
OLAmM-Se require ~320 °C for growing CdSe QDs,26 and selenourea achieves CdSe QD
nucleation and growth at 240-290 °C.27 Notably, BBN-SeH remains unactivated up to

270 °C in the absence of c-LB, even in the presence of aniline, another type of LB.

The inability to activate BBN-SeH using primary amine is consistent with our findings
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in the BBN-SH case.12 This observation also aligns with the fact that alkylamines (e.g.,
OLAm) and alkylphosphines (e.g., TOP), commonly employed as surface ligands in QD
synthesis, do not activate BBN-SeH. While primary amine fails to activate BBN-SeH,
aniline efficiently drives the proteolytic cleavage of (BBN),Se, forming the BBN-aniline
complex and BBN-SeH (Figure 1a).

Consistent with our previous work on BBN-SH, c-LBs exhibiting higher BF3 affinity (AH)
resulted in lower 7inq for ZnSe QD growth in a predictable manner (Figure 1d). Specifically,
DMAP, 1-methylpyrrolidine, and picoline enable controlled ZnSe QD growth at 130-150,
140-160, and 160-180 °C, respectively, significantly lower than the conventional method
using TOP-Se (340 °C) and ODE-Se (200-250 °C). Low T7gowth €nabled controlled shell
growth on small QDs, which have a low 7y, and are therefore difficult to grow controllably
by using conventional precursors. Figure 1e presents the evolution of absorption spectra of
ZnSe QDs during their growth from 3.0 nm in diameter core seeds with BBN-SeH and
picoline. As additional ZnSe layers were deposited, the first absorption peak gradually red-
shifted with slightly reduced the half-width at half-maximum (HWHM) (14 to 12 nm; 116 to
86 meV; Figure S4a, ¢). TEM images revealed a slight improvement in the monodispersity
of the QDs after growth (3.0 £ 0.5 nm (17%) to 6.0 £ 0.7 nm (12%), Figure S6 and Table
S1). We attribute this slight size focusing to the controlled addition of monomers38 via

the surface-assisted growth mechanism of BBN-EH chemistry. The slight improvement in
size monodispersity is consistent with BBN-SH based CdS QD growth.1! It is noteworthy
that BBN-SeH based low-temperature growth maintained a narrow size distribution of small
ZnSe QDs throughout, whereas TOP-Se based growth yielded a broad size distribution

due to particle instability during high-temperature growth (Figure S5). The size growth
probed by TEM images matches the expected values, suggesting quantitative conversion

of BBN-SeH (Figure S6). The conversion efficiency of BBN-SeH for ZnSe QDs growth
reached 98% (£20%) (see Supporting Information (SI) for details). In contrast, traditional Se
precursors, including TOP-Se, ODE-Se, and OLAmM-Se, exhibit low conversion efficiencies
(~309).22:24.25 The size measured from the TEM images before and after ZnSe QD growth
well matched with the expected size from their first absorption peak (ZnSe cores: 3.0 =

0.5 nm in diameter, ZnSe QDs after growth: 6.0 + 0.7 nm in diameter, measured from

50 particles, Figure S7)39 and showed their isotropic growth (Table S1) with slight size
focusing. This result confirms the quantitative incorporation of BBN-EH during growth.

Synthesis of BBN-TeH and Reactivity Modulation via c-LB Coordination.

Unlike the selenium case, bulk Te fails to produce the organoborane product when combined
with BBN dimer#? due to the insufficient reduction potential of the BBN dimer for Te. Using
a stronger reducing reagent is unfeasible, as it may potentially interfere with subsequent
reactions and QD growth. Taking advantage of the relatively lower air sensitivity of BBN-
TeH, we developed a two-step synthesis method employing common practices to minimize
air exposure. We first added a strong reducing agent, LiAlHy4, to Te powder, resulting in

the rapid formation of LiAlITeH,, confirmed by hydrogen gas evolution. After purifying
LiAlITeH, by centrifugation, we introduced the BBN dimer to obtain the crude product of
BBN-TeH. Further purification of BBN-TeH was carried out v/a sublimation (Figure 2a).
Both ESI-MS (Figure S8) and 11B NMR (Figure S9) confirmed the formation of BBN-TeH.
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Since BBN-TeH was also susceptible to oxidation and water, the purified BBN-TeH was
kept under a dry nitrogen environment.

We confirmed the controllable modulation of the BBN-TeH reactivity by monitoring ZnTe
QD growth in the presence of various c-LBs. The zinc precursor (zinc oleate), solvents
(ODE), and surface ligands (oleic acid, OLAm, and TOP) were kept the same as the

ZnSe QD growth experiments (Figure 2b). Consistent with BBN-SH and BBN-SeH, ¢c-LBs
predictively modulated the precursor reactivity of BBN-TeH leading to a greater decrease
in the Ting for c-LBs with a greater affinity for BF3 (Figure 2c—d). The BBN-TeH:c-LB
chemistry covers the intermediate range of reactivity that existing Te precursors fail to
achieve. For ZnTe QDs, the BBN-TeH:c-LB chemistry achieved controlled growth at 150
to 240 °C. In comparison, TOP-Te requires a reaction temperature of 250-300 °C33 and
(Me,N)3P:Te grows ZnTe QDs at ~100 °C.37 Without c-LBs, the growth of ZnTe QDs

was not observed up to 290 °C, reaffirming that primary amines do not activate the boron-
chalcogenide bond in BBN-EH. We have reaffirmed the strong efficacy of intermediate
reactivity precursors in achieving controlled growth of small QDs. Figure 2e presents the
evolution of the absorption spectrum of ZnTe QDs during their growth from 2.8 nm core
seeds with BBN-TeH and picoline at mild reaction temperature (190-210 °C). As the ZnTe
layer is deposited, the first absorption peak progressively shifts toward longer wavelengths,
showing controlled growth of ZnTe QDs. This result starkly differs from QD growth using
TOP-Te, where the first absorption peak diminishes during the exposure of the ZnTe core
seeds to high reaction temperatures, suggesting the disintegration of nanoparticles. Even
after adding TOP-Te equivalent to several ZnTe monolayers (MLs), a distinct peak does

not emerge and a high wavelength tail grows, indicating uncontrolled particle disintegration
and secondary nucleation (Figure S10). This result highlights that the expansive range of
intermediate reaction temperatures accessible with BBN-TeH (150-240 °C) allows for the
controlled growth of nanoparticles having low to intermediate 7;,. As shown, the BBN-TeH
chemistry significantly broadens the scope for growing Te-containing QDs with high crystal
quality and a precisely controlled morphology across a wider range of sizes and materials.
The HWHM of the first absorption peak was marginally increased during the growth,
confirming the size distribution of ZnTe QD was mostly preserved (Figure S4b, d). The
size measured from the TEM images before and after ZnTe QD growth (ZnTe cores (in
diameter): 2.8 + 0.4 nm in diameter, ZnTe QDs after growth: 5.8 + 0.8 nm in diameter,
measured from 50 particles, Figure S11) and showed their isotropic growth (Table S1). Like
BBN-SH and BBN-SeH, BBN-TeH also demonstrates quantitative conversion, confirmed by
characterizing the size change during growth using TEM.

Comparison of BBN-EH Chemistries.

With all three organoborane chalcogenide precursors synthesized, we conducted a
comprehensive comparison of their properties and the performance of each precursor.

Our previous study has revealed that BBN-SH employs a surface-assisted conversion
mechanism, necessitating coordination to the QD surface for activation.1! Similarly, both
BBN-SeH and BBN-TeH remained inactive in the absence of nanoparticles, even in the
presence of c-LBs (Figure 5b—c). The energetics involved in the surface-assisted conversion
mechanism comprise the following four terms: the coordination energy of BBN-EH to
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the QD surface, the boron-chalcogenide bond strength, the formation energy of Zn-E
nanoparticles, and the coordination energy of c-LBs to the boron atom of the precursor.

All of these terms are significantly affected by the choice of chalcogenide. We compared
the T;,g of BBN-SeH and BBN-TeH during ZnE growth with different c-LBs (Figure 3a).

In all cases, BBN-SeH exhibited a lower Tj,q compared to BBNTeH. Additionally, we
examined the Tjnq of BBN-SH by monitoring the ZnS QD growth (Figure S12). When
using picoline as a c-LB, the Tj,g of BBN-SH was 10 and 40 °C lower than that of
BBN-SeH and BBN-TeH, respectively (Figure 3b). This trend aligns with predictions based
on the formation energy of ZnS, ZnSe, and ZnTe QDs (AH°: =205 kJ/mol, —160.0 kJ/mol,
and —119.2 kd/mol).*1 However, decoupling how other energetics terms contribute to the
activation energy remains challenging. Not surprisingly, the choice of cationic precursor also
influences the precursors’ 7j,q. Consistent with the trend observed from previous studies, a
zinc precursor induced higher 7inq compared to that of a cadmium precursor. Specifically,
when BBN-SH, picoline, and metal oleate were used, ZnS QD growth was induced at 10 °C
higher than CdS QD growth.12

The three organoborane precursors exhibited different levels of oxidation susceptibility.
BBN-SH exhibited the highest stability in air among the three, allowing for common
synthesis practices, including solvent removal using a rotary evaporator. In comparison,
BBN-SeH was highly prone to oxidation, making storage impossible even in a glovebox,
requiring /n situ production during nanoparticle growth. BBN-TeH exhibited intermediate
stability, allowing its purification and storage with routine air-free techniques.

Applying BBN-EH Chemistry: Controlled Shell Growth on Small QD Cores and Controlled
Incorporation of Different Chalcogenide lons into the QD Matrix.

The BBN-EH precursor chemistry offers unparalleled benefits for the controlled
incorporation of precursor atoms into nanoparticles. First, each precursor covers a wide
range of intermediate-range reactivity, providing access to low to intermediate reaction
temperature ranges (100-240 °C) previously unattainable with existing Se and Te
precursors. High reaction temperatures often overly destabilize the nanoparticle surface,
inducing undesired alloying or even particle disintegration, especially for particles having
low 7, such as small particles or particles made of low 7, materials.*2 BBN-EH greatly
expands the synthetic capabilities by enabling controlled atomic deposition on particles of
a wide range of sizes and materials. Second, their reactivity is controllably adjustable using
commercially available chemical additives, allowing the systematic identification of optimal
conditions for controlled deposition on cores of different sizes and materials. Third, the
surface-assisted conversion mechanism and quantitative deposition enable precise control
of the incorporation sites and density for different chalcogenide atoms during growth.
Leveraging these properties, we successfully demonstrated controlled shelling on small InP
cores (d: 1.7-2.4 nm) and controlled growth of anion-alloyed MLs, both of which have been
challenging with existing precursors.

Indium phosphide (InP) QDs are widely used for light-emitting devices and have been
incorporated into commercial products due to their minimal toxicity. Shelling is necessary
to improve their photoelectric properties, and ZnSe has been a common choice. While
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high-quality InP/ZnSe QDs are routinely produced with InP cores larger than 2.7 nm in
diameter, shelling on smaller cores has proven challenging. For cores smaller than 3 nm,

it has been common practice to incorporate Zn or Ga atoms into the core to provide
sufficient thermal stability during the high-temperature shelling process required for the
existing Se precursors. Using BBN-SeH, we have successfully achieved high-quality ZnSe
shell growth on pure InP cores of a small size (1.7-2.4 nm). In our prior research,12 we
identified the optimal 7growth to be 1020 °C lower than the 7y, of cores. Thus, we first
characterized the 7, of each core and selected an appropriate c-LB and reaction temperature
accordingly (Figure S13). Specifically, for 1.7 nm cores with a 7, of 150 °C, we chose
DMAP and 1-methylpyrrolidine as c-LBs, setting the 7growth at 130 °C (DMAP) or 140 °C
(1-methylpyrrolidine). For 2.4 nm cores with a 7, of 200 °C, we selected 3-CIPy as the
c-LB, setting the 7growth at 190 °C (Figure S14a and S14b).

Figure 4a—b presents the absorption and photoluminescence (PL) profiles of 1.7 nm

InP cores before and after depositing 4 MLs of ZnSe shells using BBN-SeH and 1-
methylpyrrolidine. Deposition of ZnSe shells is evident from the substantial increase in
absorption below 450 nm, resulting in a significant enhancement of their PL, reaching

a quantum yield (QY) of 30%. For the 2.4 nm InP QD cores, fold enhancement (~4)

of absorbance at 350 nm after 4 ML ZnSe shell deposition matched with other’s work
(Figure S14c)*3 as well as confirming the size change after ZnSe shelling under the TEM
images (Figure S14b). This successful shelling of extremely small InP cores achieved PL
at 503 nm, a considerably bluer wavelength compared to previously reported InP/ZnSe
QDs, highlighting the benefit of the intermediate reactivity of BBN-SeH.*4 For InP/ZnSe
QDs produced from 1.7 to 2.4 nm cores, QYs ranged 30-49% with the full width at
half-maximum (FWHM) of the PL peak measured at 51-54 nm. These QY and FWHM
values parallel the best results previously achieved without employing an etching process.
The relatively low QY of InP/ZnSe QDs synthesized with 1.7 nm cores (30%) likely stems
from reduced crystal quality at the core—shell interface due to the extremely small size

of the cores.*> Prior studies have shown that acid-based etching of InP surfaces before
shelling significantly improves QY by eliminating oxidized surfaces.18 Thus, we expect
that combining the BBN-SeH-based ZnSe shelling with the etching process would extend
the wavelength range covered by InP/ZnSe QDs exhibiting near-unity QY to wavelengths
down to 500 nm. We also used TOP-Se, a conventional precursor, to grow ZnSe shells on
small InP cores. Due to its low reactivity, shelling required a substantially higher reaction
temperature (130 °C vs 340 °C). As expected, this high temperature induced substantial
alloying, yielding greatly red-shifted PL at 584 nm (pink in Figure 4a). Moreover, the
substantial particle instability during growth greatly increased the size distribution, resulting
in a much larger peak width (80 nm). Even with the cation doping strategy developed

to increase the 7y, of InP cores, alloying was inevitable with extremely small cores.19-2
Notably, BBN-SeH, allows controlled growth of the ZnSe shell directly onto the small InP
core (1.7 nm) even without cation doping, greatly simplifying the synthesis process as well
as the photophysics of the resulting QDs. Without the InP QD cores, no significant change
in the absorption spectrum was observed under the ZnSe shell deposition environment,
confirming the surface-assisted growth of BBN-EH (Figure S14d).
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Further, we leveraged the surface-assisted, quantitative conversion properties of BBN-EH
to precisely incorporate Te atoms into the ZnSe QD matrix, enabling controlled positioning
and density of different chalcogenide atoms within QDs. Controlled incorporation of Te
atoms into the ZnSe QD matrix was accomplished by adding a mixture of BBN-SeH

and BBN-TeH during growth (Figure 4c, d). The amount of Te within the anion-alloyed
shells was controlled by adjusting the ratio of BBN-SeH to BBN-TeH. Given that BBN-EH
quantitatively deposits on the QD surface, we expect the Te % in the alloyed shell to

align with the input ratio. In our experiments, we deposited two MLs of ZnSe;_,Te, shells
on 2.5 nm ZnSe QDs with different concentrations of BBN-TeH (x = 0%, 3%, 4.5%,

and 9%). It is notable that the addition of a small amount of TOP-Se was necessary to
improve the stability of the ZnSe QDs during growth. Volumetric calculations predicted
Te-to-Se ratios of 0%, 2%, 3%, and 6% in the final QDs. Elemental analysis via ICP-AES
(using Optima 8300) confirmed that these expected Te percentages were well-matched
with the experimental values (Table S2). QDs were dissolved in aqua regia for ICP-AES
measurements to ensure complete dissolution, while avoiding hydride formation. Due to the
surface-assisted conversion mechanism of BBN-TeH and BBN-SeH and the mild reaction
temperatures (i.e., 150-170 °C, c-LB: DMAP), we expect Te atoms to be incorporated at the
growing surface rather than internally. Although imaging the radial distribution of Te atoms
within the ZnSe QD matrix was infeasible due to their extremely small size (~3 nm), the
optical properties of the produced QDs confirmed the outer layer distribution of Te atoms.
Thus, we name these QDs as ZnSe/ZnSe;_,Te, QDs where x=0, 0.03, 0.045, and 0.09.

Figure 4c—d display the absorption and PL spectra of ZnSe QDs before and after the
deposition of two MLs of ZnSe;_,Tealloy shells. The red shifts observed in Te-containing
samples, compared to the 0% Te sample, verify the successful incorporation of Te atoms.

As the Te content in the shell rose from 0% to 9%, the absorption and PL peaks shifted

from 361 to 389 nm and 390 to 427 nm, respectively. A notable effect of increased Te level
was the reduction of the broad red tail in the PL spectrum of bare ZnSe QDs, resulting

in a symmetric Gaussian peak with a 60 nm FWHM for the ZnSe/ZnSeq 91 Teg g9 QDS
(Figure 4d). Additionally, Te incorporation increased the QY from minimal in the 0%

Te sample to 18% for ZnSe/ZnSeg 91 Teg.g9 QDs. The optical characteristics of our ZnSe/
ZnSeq 91 Teg o9 QDs were markedly different from those of the previously reported internally
alloyed ZnSeg g4Teg s QDs, 16 despite having similar chemical compositions (Te-to-Se ratio:
6%) and sizes (3 nm). Our QDs exhibited a significantly bluer PL (420 vs 457 nm), aligning
with the expected outer layer distribution of Te atoms. The absence of Te in the core results
in a higher band gap than that for QDs with Te incorporated internally.*® The PL peak
shapes also differed between the two QD types, confirming different internal structures.
While internally alloyed ZnSeq g4Teg o5 QDs exhibited a significant red tail, 16 similar to
ZnSe QDs, our ZnSe/ZnSeq g1 Teg.og QDs exhibit a symmetric Gaussian PL profile. Several
lines of evidence suggest that the extent of Te atom smearing into the core is low. First,
previous studies showed that anion diffusion induces structural deformation, therefore, is
inefficient.4”48 The low-temperature growth employed for BBN-EH is unlikely to cause
efficient diffusion into the core. In contrast, high-temperature growth at 270-280 °C using
TOP-Te induced a significantly higher red shift and extensive broadening of the fluorescence
peak, indicating extensive smearing of Te atoms into the QD cores. Second, according
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to a prior DFT calculation, when Te atoms are uniformly dispersed near the surface of
ZnSelZnSe _xTe, QDs, the density of states near the HOMO level closely resembles that of
ZnSe QDs.46 The absorption spectra of our ZnSe/ZnSe;_,Te, QDs produced with BBN-TeH
retain the HWHM and the shape of the first absorption peak of bare ZnSe QDs, indicating

a uniform surface distribution of Te atoms. Additionally, the QY was substantially higher
for ZnSe/ZnSeq g1 Teg.g9 QDs (18% vs 4%), suggesting a protective effect of Te atoms on
the QD surface. Finally, in our synthesis, adding more than 15% Te in the outermost layer
caused a significant red shift, reduced PL intensity, and peak broadening. This points to a
type-I1 core—shell energy alignment and further supports the outer layer incorporation of Te
atoms in our QDs.

BBN-EH-based anion doping achieves a level of control inaccessible with conventional
methods, including bottom-up synthesis with mixed precursors, postsynthesis ion diffusion,
or layer-by-layer deposition with highly reactive precursors. A bottom-up synthesis produces
QDs with uniformly distributed minor atoms.#® Moreover, differences in precursor reactivity
and low reaction yields make it difficult to predict the incorporation efficiency. lon

diffusion has primarily been used for cation doping, as demonstrated in Ag*, Cu*, Mn2*
cation exchange in ZnSe QDs.%9:51 Different from cation doping, anion doping is highly
inefficient4”48 due to the substantial internal strains and lattice mismatch. Thus, anion
doping requires excess precursors, high reaction temperatures,®? or specific surface ligands
to promote the exchange process,®3 making it difficult to control the position and density of
the minor atoms.

Layer-by-layer deposition using a mixture of highly reactive precursors is comparable to
the BBN-EH-based growth method in terms of quantitative incorporation and avoidance of
undesired alloying.>* However, highly reactive precursors pose additional challenges, such
as secondary nucleation, high toxicity, and poor morphology control. As shown, the BBN-
EH chemistry offers several advantages for controlled QD growth. First, their intermediate
reactivity and reactivity tunability enable systematic growth of high-quality shells on cores
of various sizes and materials, even those with low 7,. Second, the surface-assisted
conversion mechanism and quantitative deposition offer controlled growth without inducing
secondary nucleation. For example, it allows for precise incorporation of minor atoms with
controlled radial distribution and density within the QD matrix, thereby fine-tuning the
optoelectronic properties. Third, the PL peak of same-size cores can be controllably tuned
by varying the ratio of BBN-SeH and BBN-TeH. The wavelength range achieved with
ZnSelZnSeTe QDs (Aem: 390-505 nm) fills the gap in the literature, especially in the violet
region.16:33 _astly, Te incorporation on the surface improves the optical quality of QDs,
including enhanced QY and a symmetric PL profile.

(BBN),Se as Precursor: Controlled Synthesis of ZnSe Nanoplatelets with Excellent
Thermal Stability.

We examined the properties of (BBN),Se, an intermediate compound used for the

/n situ production of BBN-SeH, as a Se precursor. Unlike BBN-SeH and BBN-TeH,
(BBN),Se drives efficient nucleation under specific conditions. We envisioned combining
the nucleation capability of (BBN),Se and the strong surface coordination of BBN-SeH to
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synthesize thermostable ZnSe NPLs. NPLs have attracted attention as pure-color emitters
and sensors due to their atomic precision in the quantum confinement axis. Previous

studies have reported a quantized reaction pathway for ZnSe NPL synthesis in which
different NPL species emerge sequentially v/a a surface-reaction-limited-nucleation and
growth mechanism.>® In this mechanism, the emergence of a lower band gap NPL species

is initiated by the dissolution of existing NPL species, nucleation of atomically precise
species, and lateral growth where the feeding species came from the dissolved solutes. The
nucleation barrier and energy slope for growth are different for different nanostructures,
activating different reaction pathways at different temperatures. We hypothesized that strong
coordination of BBN-SeH to NPLs would prevent the dissolution of NPLs and lock their
structure, resulting in thermostable NPLs. We synthesized NPLs by injecting (BBN)»Se,
c-LB, and aniline into a reaction vessel containing zinc nitrate, OLAm, and octylamine

at 100 °C. Upon injection, (BBN),Se rapidly nucleated and formed NPLs. The residual
(BBN),Se that did not participate in nucleation is converted to BBN-SeH v/aaniline, a
form that does not nucleate, inhibiting secondary nucleation and serving as ligands for NPLs
(Figure 5a).

Figure 5b—c confirms that BBN-SeH and BBN-TeH do not initiate nucleation even

at temperatures well above 7jnq (BBN-SeH:1-methylpyrrolidine: 140 °C; BBN-TeH:1-
methylpyrrolidine: 170 °C), as expected from their surface-assisted conversion mechanism.
For this test, pure BBN-SeH was separately synthesized and added to the reaction vessel
instead of /n situ production to avoid the involvement of (BBN),Se. In comparison,

when elemental Se was used as the selenium precursor, two characteristic peaks at 328

and 346 nm emerged in the absorption profile at 150 °C, showing the formation of

345 nm ZnSe NPLs®® (Figure 5e). Yet, alongside these peaks, the absorption profile
continuously increased below 400 nm, indicating the generation of heterogeneously sized
ZnSe QDs via secondary nucleation. TEM images confirmed the presence of both NPLs
and heterogeneously sized QDs (Figure S15). When (BBN),Se was used alone, nucleation
occurred rapidly, but the formed nanostructure was highly unstable. As shown in Figure 5d,
a sharp peak at 328 nm emerged immediately upon injection at 100 °C. However, this peak
rapidly shifted to 318 nm and completely disappeared within 3 min at 120 °C.

Injection of (BBN),Se with aniline produced thermostable ZnSe NPLs. Upon injection
and subsequent heating, a sharp peak at 316 nm appeared at 130 °C (Figure 5f). TEM
analysis showed that this absorption profile corresponds to ZnSe NPLs (Figure S16). We
determined that this population is 3 ML wurtzite ZnSe NPLs, as the observed transition
energy of 3.92 eV (316 nm) and 4.06 eV (305 nm) match the calculated band energy for
the heavy and light hole of 3 ML w-ZnSe, respectively.>>%6 The thickness measured from
TEM images aligns with the expected thickness (Figure S17). However, due to the low
image contrast, our conclusion is mainly driven by their optical properties. The absorption
peak of the produced NPLs remained stable up to 200 °C, indicating excellent thermal
stability. These results are in stark contrast to conventionally synthesized ZnSe NPLs, which
exhibit significant heat instability.>>:58 As the temperature increases from 120 to 150 °C,
thicker NPLs form and the NPLs completely dissolve eventually at higher temperatures
(>150 °C). Previous studies have shown that the vertical growth of NPLs is inhibited. The
formation of thicker NPLs involves the lateral dissolution of thinner NPLs followed by the
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nucleation of thicker NPLs and their lateral growth.>” The exceptional thermal stability of
the (BBN),Se/aniline-synthesized ZnSe NPLs indicates that the coordination of BBN-SeH
strongly stabilizes the NPLs, preventing their lateral dissolution. Indeed, the TEM images

of NPLs incubated at 200 °C reveal sizes similar to those of the as-synthesized NPLs,
confirming our hypothesis (Figure S16a and S16c). In short, the introduction of aniline
results in a partial conversion of (BBN),Se to BBN-SeH, with the remaining (BBN),Se
driving NPL formation and BBN-SeH coordinating with the NPLs. The surface coordination
of BBN-SeH effectively inhibits their lateral dissolution, thereby maintaining their thickness
even at high temperatures. Inhibiting thermal dissolution and maintaining atomically defined
thickness at high temperatures have been a critical challenge in the colloidal synthesis of 2D
materials, including atomically thin 2D sheets, which are gaining attention for applications
in flexible transistors®® and large-scale memristors.%9 As such, BBN-EH chemistry would
provide important insight into the design of solution-based synthetic methods for 2D
materials.

Previous studies show that NPLs exclusively allow lateral growth, not vertical
growth.5%:57.58 Therefore, the production of NPLs of different thicknesses involves a process
where existing NPLs dissolve and NPL seeds of different structures nucleate from these
dissolved solutes and then undergo lateral growth. Given the strong inhibition of vertical
growth in NPLs, we hypothesized that the surface-assisted precursor conversion pathway for
BBN-SeH would be inhibited. To test this hypothesis, we added c-LBs (1-methylpyrrolidine
and picoline) to the reaction solution. For all c-LB choices, the sharp absorption peak

at 316 nm remained unchanged upon heating to temperatures substantially higher than

the corresponding initiation temperatures (Figure 5f), confirming the inhibition of surface-
assisted vertical growth.

The excellent thermal stability of 316 nm ZnSe NPLs produced with BBN-SeH presents
challenges in accessing other populations using the conventional heat-up method. Rather
than allowing for the formation of various NPL structures during heating, the use of
BBN-SeH chemistry locks NPLs into the 316 nm variant. The previous study showed

that the synthesis of different ZnSe NPL structures involves transitions between metastable
wells in the potential energy landscape during heating.%> We hypothesized that changing
the ligand composition would change the potential energy landscape and activate different
reaction pathways, leading to the production of different NPL structures. Indeed, adding
BBN-TeH to the (BBN),Se solution at a ratio of 1:10 produced the previously reported 4
ML w-ZnSe NPLs, an ML thicker than the 316 nm NPLs (Figure 5g).°° Similar to the 316
nm ZnSe NPLs, 345 nm ZnSe NPLs also showed excellent thermal stability in the presence
of BBN-TeH and BBN-SeH up to 200 °C (Figure S18). The 345 nm NPLs produced
exhibit an absorption profile identical to that of previously reported 345 nm ZnSe NPLs,
indicating the absence of Te in the produced NPLs. The observed inability of BBN-TeH

to undergo nucleation (Figure. 5¢) and the inhibition of vertical growth for NPLs%7 explain
the absence of Te incorporation in these NPLs. Moreover, the absorption profile and TEM
images exhibited no secondary nucleation products, reaffirming the benefit of converting
residual (BBN),Se postnucleation to BBN-SeH, the nucleation-inhibiting form. Conversion
of residual (BBN),Se post nucleation to BBN-SeH, which inhibits nucleation, effectively
eliminates the secondary nucleation pathway, greatly improving the purity of the desired
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products. This result contrasts with the conventional Se precursors, such as elemental Se,
which produce a mixture of NPLs and QDs as shown in Figure S15.

CONCLUSION

We have developed organoborane-based Se and Te precursors, universal precursors whose
reactivity can be controllably tuned by the addition of boron-coordinating LBs. These
precursors not only diversify the limited selection of Se and Te sources but also encompass
a medium reactivity range previously inaccessible with existing precursors. Commonly used
Se precursors include alkylphosphine-Se, ODE-Se, and OLAm-Se, all of which have low
reactivity and require high reaction temperatures (250-340 °C). The specific temperatures
required for the reactions depend on multiple factors, including the size and material of

the cores, the selection of the cation precursor, and the composition of the ligands. For
example, ZnSe QD synthesis using TOP-Se requires 290-300 °C®1 while ZnSe shell growth
on InP QD cores using the same precursors requires 340 °C.18 Recently, a combination

of diphenylphosphine, TOP-Se, and zinc oleate has been used to achieve mild reaction
temperatures (140-185 °C).52 However, the catalytic property of diphenylphosphine makes
it difficult to control the conversion kinetics, and its applications are limited. Commonly
used Te precursors are TOP-Te, which has low reactivity and activates at high temperatures
(280-300 °C), and ((MeoN)3P:Te), which is highly reactive and activates at 100 °C. The
BBN-EH chemistry fills a large gap in the intermediate reactivity range, achieving precursor
conversion at 130-270 °C. Moreover, the ability to predictively modulate the reactivity

of universal precursors using commercially available chemical additives greatly lowers

the technical barrier to achieving optimal reactivity for various nanomaterial syntheses.
Similar to our prior work on BBN-SH,11:12 these precursors operate via a surface-assisted
conversion mechanism, requiring a QD surface for activation and preventing secondary
nucleation. Leveraging their intermediate reactivity and controllable nature, we enabled

the systematic growth of high-quality shells on various cores, including those with low

Tm incompatible with the high reaction temperatures typically required by conventional
precursors. Specifically, we demonstrated high-quality ZnSe shelling on 1.7 nm pure

InP cores at mild temperatures (130-240 °C). Moreover, we have shown that the surface-
assisted quantitative conversion property of BBN-EH enables precise control of minor anion
incorporation. By varying the ratio of different chalcogenide precursors and injection timing,
we were able to precisely control the radial distribution and density of different chalcogenide
anions, facilitating fine-tuning of the optoelectronic properties. Here, we incorporated Te
atoms as minor atoms into the ZnSe QD matrix and showed that QDs with Te atoms in the
outer layers exhibit distinct photophysical properties compared with volumetrically alloyed
QDs. Finally, we investigated the properties of (BBN),Se, an intermediate compound in
BBN-SeH synthesis, as a precursor. Unlike BBN-SeH, (BBN),Se undergoes nucleation. By
combining the nucleation capability of (BBN),Se with surface stabilization by BBN-SeH,
we synthesized previously unreported 316 nm ZnSe NPLs. Surface coordination of BBN-
SeH renders the NPLs highly thermostable up to 200 °C. Moreover, the nucleation inhibition
property of BBN-SeH effectively prevented secondary nucleation, yielding pure NPLs with
no secondary nucleation products. The introduction of BBN-TeH induces the formation of
a different NPL species, 345 nm ZnSe NPLs, by modifying the energy landscape through
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altered ligand composition. Our study demonstrates that the organoborane-based Se and
Te precursors effectively address the critical reactivity gap in the intermediate range by
employing simple yet versatile chemistry, thereby providing an exceptional level of control
in nanomaterial synthesis. Furthermore, their surface-assisted conversion mechanism and
ability to stabilize surfaces offer additional handles to regulate nanomaterial growth and
enhance their thermostability.

Di((1S,5S)-9-borabicyclo[3.3.1]nonan-9-yl)selane ((BBN),Se) Synthesis.

Di((15,55)-9-borabicyclo[3.3.1]-nonan-9-yl)selane ((BBN),Se) was synthesized using a
previously reported method with minor modification. (Koster, R.; Seidel, G.; Siebert, W.;
Gangnus, B. in Inorg. Synth. Vol. 29 (Wiley, New Jersey, 1992).) Under the inert gas
environment, 10 mmol (2.44 g) of 9-borabicyclo[3.3.1]Jnonane (9-BBN) dimer and 10.5
mmol (0.83 g) of selenium powder were placed in a flask. While the flask with the mixture
of 9-BBN and selenium powder was connected under a nitrogen flow from the Schlenk line,
50 mL of freshly distilled mesitylene was slowly added and heated up to 150 °C. After the
solution became clear, the solution was refluxed for 4 h. The residual solvent was removed
by rotary evaporation. (15,55)-9-Borabicyclo[3.3.1]nonane-9-selenol (BBN-SeH) was freshly
activated by adding aniline. Pure (BBN),Se (2.72 g, 85% yield) was isolated by vacuum
sublimation. 1H NMR (ppm, CDCl3, 400 Hz): 6 = 2.20-1.13 (m, 28H, -BCgH14); 11B NMR
(ppm, CDCl3, 400 MHz): 6=59 (s).

(1s,5s)-9-Borabicyclo[3.3.1]nonane-9-tellurol (BBN-TeH) Synthesis.

Under the inert gas environment, 10.5 mmol (1.34 g) of tellurium powder was placed

in a flask. While the flask with the tellurium powder was placed in an ice bath and
connected under a nitrogen flow from the Schlenk line, 5 mL of a LiAlIH,4 solution (2

M in THF) was slowly added. Hydrogen gas was formed immediately. Pure LiAlTeH,
solution (supernatant) was purified by centrifugation. While the flask with 5 mmol (1.22

g) of 9-borabicyclo[3.3.1]nonane (9-BBN) dimer was placed in an ice bath and connected
under a nitrogen flow from the Schlenk line, purified LiAITeH, solution was slowly added
and heated up to room temperature. The residual solvent was removed by rotary evaporation.
Pure BBN-TeH (2.24 g, 89%) was isolated by vacuum sublimation. 1H NMR (ppm, CDCls,
400 Hz): §=2.20-1.13 (m, 14H, -BCgH14); 1B NMR (ppm, CDCl3, 400 MHz): 6= 62 (s).

ZnSe and ZnTe QD Synthesis.

ZnSe QDs were synthesized according to a literature method with minor modifications
(Nano Lett. 2020, 20, 2387-2395). 5 mL of OLAm were loaded in the flask and degassed
under vacuum at 100 °C for 30 min. Then the solution was heated to 300 °C under nitrogen,
followed by a slow addition of 0.3 mL of TOP-Se (1.5 M). When the temperature reached
300 °C, 1 mL of diethylzinc solution (0.5 M, dissolved in TOP) was injected quickly into
the flask under vigorous stirring. The growth temperature was kept at 290 °C. The core size
was monitored by measuring the absorption spectra of aliquots. After the growth process
was completed, an additional 5 mL of ODE was slowly introduced into the flask. When

the targeted size of ZnSe QDs was obtained, the reaction was quenched by cooling the
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solution to room temperature as quickly as possible. ZnSe QDs were purified with hexane
and ethanol and dispersed in hexane. For ZnTe QD synthesis, 0.45 mL of TOP-Te (1.0 M)
was used instead of TOP-Se, while others were kept the same as the ZnSe QD synthesis
conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synthesis of BBN-SeH and its application to ZnSe QD growth. (a) Two-step synthesis of
BBN-SeH. (b) Scheme for BBN-SeH based ZnSe QD growth involving /n situ production
of BBN-SeH. (c) Identification of the induction temperature ( 7j,q) of BBN-SeH upon

the addition of c-LBs by monitoring the first absorption peak position of ZnSe QDs
during growth. (d) Influence of c-LBs with varying BF3 affinity (AH) on 7jnq (red:
dimethylaminopyridine (DMAP), orange: 1-methylpyrrolidine, green: picoline, blue: 3-
chloropyridine (3-CIPy), purple: 4-(trimethylfluoro)-pyridine (4-CF3Py)). () Absorption
spectra of ZnSe QDs during growth using BBN-SeH and picoline and (f) Evolution of the
half width at half-maximum (HWHM) of the first absorption peak during growth.
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Figure 2.

Synthesis of BBN-TeH and its application to ZnTe QD growth. (a) Two-step synthesis

of BBN-TeH. (b) Scheme for ZnTe QD growth using BBN-TeH and coordinating Lewis
bases. (c) Identification of Tj,q with different c-LBs by monitoring the position of the

first absorption peak of ZnTe QDs, (d) Influence of c-LBs with varying BF3 affinity

(AAH) on Tjpg. (red: dimethylaminopyridine (DMAP), orange: 1-methylpyrrolidine, green:
picoline, blue: 3-chloropyridine (3-CIPy), purple: 4-(trimethylfluoro)-pyridine (4-CF3Py)),
(e) Absorption spectra of ZnSe QDs during growth using BBN-TeH and picoline.
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Figure 3.
Comparative analysis of Tj,q for BBN-EH. (a) Ting of BBN-EH for ZnE (E: Se, Te) QD

growth (red: DMAP, orange: 1-methylpyrrolidine, green: picoline, blue: 3-CIPy, purple:
4-CF3Py). The dotted line designated the same Tj,q for BBN-SeH and BBN-TeH. (b) Tj,q of
BBN-EH for growing ZnE QDs (E: S, Se, and Te) using picoline as a c-LB.
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Figure 4.
Utilizing BBN-EH for controlled shelling on small cores and controlled surface doping.

(a) Absorption and photoluminescence(PL) spectra of InP/ZnSe core/shell QDs grown from
small cores (1.7 nm) using DMAP (blue) and TOP-Se (pink). (b) PL profile of synthesized
InP/ZnSe QDs covering the wide range of 500-585 nm. (c) Absorption and (d) PL spectrum
of ZnSe core seed (black) and Te doped ZnSe (ZnSe/ZnSe;_xTe, QDs where x =0 (red),
0.03 (blue), 0.045 (green), and 0.09(purple)) QDs produced using BBN-SeH and BBN-TeH.
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Synthesis of NPLs with exceptional thermal stability using BBN-EH. (a) Scheme for ZnSe
NPLs synthesis using (BBN),Se/BBN-EH chemistry. Addition of aniline generates BBN-
SeH /n situand produces thermostable ZnSe NPLs. (b) Pure BBN-SeH and (c) BBN-TeH
fail to induce NPL formation. (d) Without BBN-SeH, the formed NPLs are unstable, rapidly
degrading and disappearing at 120 °C. (e) Absorption spectrum of ZnSe NPLs prepared by
conventional protocol. (f) Presence of BBN-SeH renders ZnSe NPLs highly thermostable.
(g) Addition of c-LBs does not induce surface-limited conversion due to vertical growth
inhibition in NPLs (black and red). Addition of 10% BBN-TeH to (BBN),Se produces
thermostable 345 nm ZnSe NPLs.
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