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ABSTRACT: We demonstrate that water microdroplets create a highly reactive
interfacial environment that enables the rapid, room-temperature synthesis of boron
nitride quantum dots (BNQDs). Using a borane ammonia complex (BH;NH;) and a
boric acid—ammonia system as precursors, we obtain green- and blue-emissive BNQDs,
respectively, under ambient conditions. Mass spectrometry reveals a dehydrogenative
cyclization pathway for BH;NH;, delineates the size distribution of B,N, clusters, and
reveals reaction kinetics accelerated by 6 orders of magnitude relative to conventional
bulk hydrothermal synthesis. Hydroxyl radicals (OH®), generated from interfacial water
and entrained oxygen, act as key oxidants driving stepwise dehydrogenation of BH;NH,.
For the boric acid—ammonia system, the dehydration and deamination process is
accelerated on the air—water interface. In a spraying—recirculating microdroplet reactor,
milligram-scale quantities of BNQDs with an average diameter of ~8.5 nm are produced
within 1 h, establishing a green, bottom-up route for nanomaterial synthesis by exploiting
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the intrinsic reactivity of water microdroplets.
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with tunable electrical and optical properties, depend-
ing on their physical size distribution. These unique character-
istics make them widely applied in various fields, including
sensing, diagnostics, photovoltaics, optoelectronics, and
biomedical imaging.'™® Heavy-metal-based QDs, such as
CdSe and PbS, cause serious environmental pollution and
health safety problems. This disadvantage limits their wide
applications in pharmaceutical and biomedical science.” As an
alternative, attention has shifted toward designing and
synthesizing heavy-metal-free QDs such as carbon quantum
dots (CQDs), phosphorus quantum dots (PQDs), and boron
nitride quantum dots (BNQDs).'*~"*

BNQDs show significant promise among metal-free QDs in
heterogeneous catalysis, chemical sensing, and biomedical
imaging.'”"® They have sp>-bonded 2D layers of alternating
boron and nitrogen atoms in a honeycomb configuration,
exhibiting good thermal conductivity, chemical stability, and
biocompatibility.'”*° Boron and nitrogen atoms in BNQDs are
connected by strong covalent bonds, whereas weak van der
Waals forces hold the layers together. Thus, like graphite
micromechanical cleavage, hexagonal boron nitride (h-BN)
films may be peeled from a bulk boron nitride (BN) crystal.”’

h-BN can be synthesized using a top-down strategy by
breaking bulk h-BN material into smaller 2D sheets or QDs.
This can be achieved by mechanical ball milling or chemical
exfoliation, which involves the heavy use of organic solvents
under a temperature of 1300—1800 °C and a pressure of 3—6
GPa. The time required to achieve this varies from a few hours

Quantum dots (QDs) are tiny semiconductor materials
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to even 80 h.**** Bottom-up methods start with small

molecules such as boric acid (H;BO;), ammonia (NH;), or
borane ammonia (BH;NH;) to construct the h-BN structure,
potentially leading to larger areas and better control over the
final product. The temperature can be lowered to 750—1200
°C, whereas the pressure can be lowered to 13—15 kPa using
chemical vapor deposition (CVD).”*** Hydrothermal syn-
thesis requires relatively “mild” conditions with temperatures
around 150—220 °C. High pressure is still generated within the
sealed reaction vessel, which must operate for hours.”
Recently, material synthesis in water microdroplets has
become a promising approach because of its unique reactivity.
Chemically, single-electron-transfer-mediated radical reactions
are favored across the air—water interface (AWI) because of
many factors like the interfacial electric field, partial solvation
environment, contact electrification between multiple phases,
and microlightning during the droplet splitting.”*~*’ Various
reactive oxygen species (ROS) have been reported across the
AWI such as hydroxyl radicals (OH®), superoxide radical
anions (0,°”), singlet oxygen ('O,), ozone (0O,), and
hydroperoxyl radicals (OOH®).>~** Physically, water micro-
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Figure 1. Characterization of the BNQD prepared by the spraying microdroplet method. (A) Diagram of the nanomaterials collection by using an
ultrasound-nebulized microdroplets method with direct dropwise deposition as the bulk control. (B) Top images captured under white-light
microscopy showing a coffee ring and bottom images showing fluorescent microscopy observation of the material depositions formed by bulk
droplet evaporation and spray drying. (C) Mass spectrum showing the composition profile of the spray-deposited BN materials. (D) Isotopic mass
patterns of representative BN species. (E) BNQD material characterization by HRTEM: (a) large field view, (b) high-resolution image, (c) crystal
lattice, and (d) size distributions and the average size analysis of BNQDs. (F) Elemental analysis: (a) SEM image, (b) EDX mapping of B, (c¢) EDX
mapping of N, and (d) EDX spectra with the weight ratio of each element.

droplets possess hundreds of thousand-fold increases in the
surface-to-volume ratio compared to the equivalent bulk water,
allowing their surfaces to fully contact with the surrounding air
for oxygen availability and its rapid utilization.

Mounting study cases have proven the oxidation ability of
microdroplets to realize nitrogen oxidation into nitrate,
ammonia decomposition to release hydrogen, methane
oxidation into methanol, alkyne ozonolysis into carboxylic
acid, etc.”*™*? Reaction rates can be substantially accelerated
by 2—6 orders of magnitude compared to the counterpart in
the bulk solution. Beyond small-molecule reaction acceleration,
microdroplet-based systems have also evolved as platforms for
material synthesis. Early microfluidic studies established
droplets as confined microreactors that enable rapid mixing,
a controlled residence time, and particle formation.”® This

concept was later extended to control the size and morphology
of metal nanostructures.”"** A distinct development emerged
from sprayed or aerosolized aqueous microdroplets, where
material formation no longer relied on a miniaturized reaction
volume but on interfacial reactivity. The spontaneous
formation of gold nanostructures in aqueous microdroplets
provided an early example of this mode of material synthesis.*’
The scope was then extended to covalent-bond-forming
material synthesis, as demonstrated by microdroplet-enabled
polymer formation under mild conditions.”* Microdroplet
environments were subsequently used to prepare extended
inorganic and hybrid materials, including metal—organic
framework-derived systems,“s’46 polyoxometalate frame-
works,*” functional microgels,48 and nanoparticles from bulk
minerals.”” More recently, microdroplet-enabled interfacial
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chemistry has also been applied to the sustainable synthesis of
CQDs from renewable biomass.’” These developments
motivate the present study of water microdroplets as active
interfacial reactors for the bottom-up BNQD synthesis.

A nebulizing gas-assisted coaxial capillaries setup was used
for spray-coating the BNQD materials onto the surface of a
quartz slide. The setup was assembled through a stainless-steel
Tee-union (Swagelok) to generate water microdroplets at the
physical size of 10—30 p#m as BNQD synthesis reactors. Air
was used as the nebulizing gas at 60—80 psi and introduced
through the outer capillary [inner diameter (ID) = 200 gm].
Deionized water (Fisher Optima LC/MS grade) was
introduced through the inner capillary (ID = 100 pm) by a
syringe pump (Cole-Parmer model 110) at a flow rate from 1
to 10 uL/min. A linear ion trap mass spectrometer (LTQ XL,
Thermo Fisher), which will be referred to as LTQ-MS, was
used for online monitoring of the BNQD formation progress
and the B,N,H, species distribution profile. The synthesized
BNQD materials were characterized by transmission electron
microscopy (TEM), atomic force microscopy (AFM), Fourier
transform infrared spectroscopy (FTIR), and fluorescent
microscopy. An ultrasound nebulizer (DC S V, 2.0 W,108
kHz) was used to generate larger amounts of water
microdroplets at an equivalent size range for large-scale
BNQD preparation. The prepared green and blue BNQD
suspensions were incubated separately with Chinese hamster
ovary (CHO) cell lines, a widely used mammalian cell line, to
present their applications in biomedical imaging. More detailed
conditions about these experiments can be accessed in the
Supporting Information.

To demonstrate the reactivity of water microdroplets, we
examined the physical morphology and composition of
materials formed by separately drop casting and spray coating
50 uL of a BH;NH; aqueous solution (500 pg/mL) onto
quartz glass slides at a temperature of 80 °C (Figures 1A and
S1). For the bulk droplet condition, bright-field microscopy
confirmed that BH;NH, solute was mainly concentrated across
the boundary line because of the evaporation discrepancy
between the edge and core regions of a droplet, also known as
the coffee-ring effect. Very limited microstructures can be
observed from the bulk droplet group because there was
sufficient time for particle aggregation before full evaporation.
In the microdroplet workflow, because of the much higher
surface-to-volume ratio, the precursor solution was highly
dispersed to undergo rapid evaporation and efficient gas—
liquid interfacial reaction before deposition on a collection
substrate. A particle with bright-green emissions can be
obtained when switching to the fluorescence microscopy
mode (Figure 1B).

After precipitates from glass slides were resuspended, their
components were analyzed by an LTQ-MS under positive
mode. The mass profile of the rich distribution of BN H,
clusters was observed in the spray-generated material group
(Figure 1C). B3N, at m/z 76 ([M + H]*) was the most
abundant compared to the other B,N,H, species, which was
formed by complete dehydrogenative cyclization of three
BH;NH; molecules. Representative isotopic patterns of BN
clusters, such as B;N; BsNHg BgNgH, and B,,N;,Hs,
displayed excellent agreement with theoretically predicted
1B/!"'B isotopic contributions (Figure 1D). This isotopic
fidelity confirms the element assignment of BN-containing
species in the spray-collected materials. Furthermore, the FTIR
spectrum confirmed that the absorption near 1350 and 1404

cm™" corresponds to the in-plane B—N stretching vibration,
while additional features at 835 and 875 cm™' are consistent
with out-of-plane B—N—B bending modes (Figure S2, with
detailed peak assignment attached). These vibrational
signatures confirm the presence of the B—N bond within the
synthesized product.

Direct evidence of nanoscale product morphology was first
characterized with TEM (selected-area electron diffraction,
SAED) imaging and X-ray diffraction, revealing quasi-spherical
nanoparticles with highly uniform diameters of 8.0 + 4.0 nm
dispersed across the substrate (Figures 1E, S3, and S4 and
Tables S1 and S2). The high-resolution TEM image [Figure
1E(b)] shows the well-defined nanoscale morphology of
BNQDs, appearing as uniform, nearly spherical nanostructures.
Figure 1E(c) illustrates the clear lattice fringes, indicating a
crystalline structure with an interplanar spacing (d = 0.34 nm)
rather than amorphous. The particle-size-distribution histo-
gram in Figure 1E(d) shows that the average size of BNQDs is
8.5 nm.

Elemental analysis and mapping using energy-dispersive X-
ray spectroscopy (EDX), shown in Figure 1F, clearly indicate
homogeneously distributed boron and nitrogen signals across
the analyzed region. The corresponding EDX spectrum further
confirms that B and N are the dominant detected elements,
with a semiquantitative B/N atomic ratio close to 1:1 based on
measured weight percentages. AFM topography also confirms
some larger aggregates with approximately 5.4 + 2.9 nm
particle height and 9.6 = 3.4 nm diameter (Figures S6 and S7).
Together, these data demonstrate that water microdroplets
possess unique dehydrogenative reactivity to produce discrete
BNQDs rather than bulk BN flakes or amorphous residues.

The optical properties of BNQDs were investigated using
UV-—visible spectroscopy, as illustrated in Figure SS5. Figure
SSa displays the UV absorption spectrum, while Figure SSb
presents the estimated band gap, which is approximately 4.82
eV. Furthermore, photoluminescence (PL) measurements of
the synthesized BNQDs reveal that the excitation wavelength
varies from 365 to 405 nm, with a slight shift in emission
wavelength observed from 386 to 409 nm. This shift indicates
the presence of heterogeneous excited states that could be
attributed to size- or defect-related factors.

To present the power of water microdroplets in the rapid
synthesis of BNQDs, an acoustic nebulizer was used to
generate water microdroplet spraying into the LTQ-MS. The
time scale of the synthesis process can be controlled at 1 ms by
fixing the distance between the nebulizer and the MS inlet at
80 mm, given the average linear speed of flying microdroplets
at 80 m/s (Figure 2A).

We compared the temperature dependence of B3N,
formation in microdroplets versus bulk water. When a bulk
solution was dripped on a hot plate, essentially no detectable
B;N; signal appeared even after 1 h of heating across 90—260
°C, highlighting the thermodynamic and solvation barriers to
ring closure in solution. In striking contrast, the microdroplet
reaction shows a steep, exponential-like increase in the B;Nj;
intensity with temperature: modest signals emerge near ~180
°C, followed by rapid amplification above ~180—240 °C,
reaching intensities of >2 X 10* within a 1 ms reaction window
(Figure 2B). This result demonstrated that microdroplets
drastically lower the effective activation barrier for B;N;
formation.

We further evaluated the effect of the precursor’s
concentration on the dehydrogenation efficiency for the
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Figure 2. Ultrafast formation of the critical B;N; unit in a spraying
microdroplet reactor. (A) Diagram of the online MS monitoring of
the BNQD synthesis process, which uses an ultrasound nebulizer to
generate microdroplets. Comparison of B;N; formation kinetics in
microdroplets and bulk water as a function of the (B) temperatures,
(C) starting material concentrations, and (D) water percentage in a
water—ethanol solution. The methodology test indicates an
experimental variation of RSD 15% (n = S).

BH;NH,/B;N; conversion. A bulk solution dripped on the hot
plate again produces a negligible B;N; signal across all
concentrations within 1 h of heating at 120 °C. The
microdroplet reaction, however, displays a pronounced
concentration response: the intensity of B;N; ion (m/z 76)
rises sharply at a concentration below 500 ppm. Then the B;N;
ion gradually dropped when the precursor’s concentration
further increased (Figure 2C). This is because of the
incomplete dehydrogenation process when the precursor
reached a saturated concentration across the AWL

The role of water in microdroplets was presented by varying
the water—ethanol ratio. The bulk solution regardless of the
water ratio exhibits only minimal B;N; formation across all
solvent mixtures. Microdroplets, by contrast, show strong
water dependence: as the water content increased from 0% to
60%, the B;N; ion intensity increased over an order of
magnitude, reaching a maximum level (Figure 2D).

Together, these results show that the B;N; unit forms within
microdroplets under ambient conditions where the same
chemistry is essentially inactive in bulk. The ultrafast onset,
strong sensitivity to solvation, and distinct concentration
optimum all point to the unique microenvironment of
evaporating microdroplets—high interfacial area, rapid desol-
vation, and extreme local concentration—as the driving force
behind accelerated BN framework nucleation.

We then investigated the oxidative species present within
water microdroplets and their mechanistic role in promoting
B—N ring dehydrogenation. ROS can be generated through
several paths across microdroplets. Air—water interfacial charge
separation and electron-transfer pathways give rise to super-
oxide (O,°”), which will grab protons from H;O* to form
hydroperoxyl radicals (*OOH). Meanwhile, hydroxyl radicals
(OH®) can also be generated from hydroxide (OH™) by one-
electron loss (Figure 3A), which is thermodynamically
favorable across the AWI based on theoretical calculations.®

Some recent studies also revealed that the gas-phase oxygen
will facilitate this OH™/OH® through single-electron transfer
from OH™ to 0,.*"*’

We propose that this radical-driven dehydrogenation plays a
critical role with regard to the ultrafast chemistry observed in
both BH;NH;-to-B;N3;Hg and B;N;H,-to-B;N; conversions.
Stepwise oxidative dehydrogenation was outlined in Figure 3B.
Hydroxyl radicals, hydroxide, and protons work in concert to
abstract hydrogen atoms and facilitate B—N bond condensa-
tion. The pathway begins with site-specific H® abstraction from
BH;NH;, followed by the sequential loss of H, to yield
B;N;Hg, ultimately yielding the conjugated B;Nj; heterocycle.

This interfacial ROS-driven dehydrogenation mechanism
was supported by radical scavenger experiments using
TEMPO. In this study, BH;NHj; is a good reducer to yield
hydrogen atoms, whereas TEMPO is an oxidant that can
capture hydrogen (Figure 3C). With the presence of BH;NH,,
the reduction products of TEMPO, represented by m/z
142.1581 ([(TEMPO-O) + 2H]*), m/z 157.1451 (TEM-
POH*"), and m/z 158.1529 ([TEMPOH + H]*), were
enhanced in relative abundance. In contrast, the TEMPO-
OH peak at m/z 174.1479 dropped in relative abundance from
1.9% to 0.4% (Figure 3D,E). Feeding the TEMPO-containing
water microdroplets with an increased amount of BH;NHj, the
yield of the TEMPO’s reduction product, TEMP (m/z
142.1581, [TEMP + H]*), gradually increased from 8.4% to
77.4% (Figure 3F).

To evaluate the role of O,-derived ROS, we sprayed an
aqueous BH;NH; solution with N, into an N,-filled chamber
(Figure S8a) and compared the mass spectra to those obtained
under ambient air conditions (Figure S8b). Notably, the
formation of (BN); persists with comparable absolute intensity
under N, relative to air (Figure S8c). Because species such as
'0,, 0;, and O,"" are intrinsically O,-dependent, these results
indicate that such O,-derived ROS are not required for the key
dehydrogenation/cyclization step leading to (BN);. In
contrast, higher oligomers [(BN), n > 4] are enhanced
under air, suggesting that O, can promote subsequent growth
or secondary processes.

TEMPO is a well-known hydroxyl radical scavenger. Its
incremental addition, in turn, will competitively grab OH*
radicals and suppress the dehydrogenation process (Figure
3G), resulting in a gradual decrease in B;N; formation, as
quantified by the linear decline in In(intensity) with the
TEMPO concentration. Compared to the TEMPO-free group,
the strength of B;Nj; ion dropped to only 1.6%, meaning that
the maximum suppression derived from TEMPO addition is
98.4% (Figure 3H). Meanwhile, it was found that the
TEMPO-OH ion at m/z 174.15 rose from 2.06 X 10> to
6.34 X 10°, with the TEMPO concentration increased from 78
UM to 7.5 mM (Figure S9). The abundance drop of B;Nj was
consistent with a primarily OH-limiting process characterized
by the TEMPO scavenging test. This inverse relationship
demonstrates that OH® radicals are key contributors to the
dehydrogenation process for both BH;NH; and B;N;H,
which are required for BN ring formation. Although recent
evidence revealed the important role of oxygen gas in yielding
OH?*, we confirmed water microdroplets are the source of OH®
by detecting the peak at m/z 176.1520 ([TEMPO-"*OH +
H]") when using '*O-labeled heavy water to conduct the spray
experiment (Figure 31).

The TEMPO test confirmed a competitive consumption of
OH® between TEMPO and B,N H, species. In the absence of
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Figure 3. Investigation of the critical oxidation species in microdroplets driving BNQD synthesis. (A) Ilustration of the ROS and their
interconversions in a water microdroplet. (B) Stepwise dehydrogenation to form the B;N; unit, which is facilitated by hydroxyl radicals, hydroxyl
anions, and protons. (C) Schematic illustration of BH;NHj as the hydrogen donor for the TEMPO reduction. Mass spectra of TEMPO in water
microdroplets (D) without and (E) with the presence of BH;NH;. (F) Yield of TEMPO reduction product (TEMP) as a function of the BH;NH,
concentration. (G) Schematic illustration of the competitive relationship between the conversion of B;N;H,/B;N; and TEMPO/TEMPO-OH.
(H) Drop of B;N; production with the concentration increase of TEMPO, a spin-trap compound that can reduce the amount of hydroxyl radicals
in microdroplets. (I) Mass spectrum of TEMPO that captured the '*O-labeled hydroxyl radical when using '®O-heavy water to generate

microdroplets.

TEMPO, the °*OH radicals predominantly attack B;N;Hg
intermediates, enabling progressive dehydrogenation and ring
aromatization. When TEMPO is present, however, *OH
radicals are diverted into TEMPO — TEMPO-OH con-
version, reducing the radical flux available for B—N framework
formation and thereby suppressing B;N; production.

The molecular components and kinetic behavior of BNQD
formation were compared when microdroplet synthesis is
initiated from two different precursor systems: BH;NH; and
boric acid—ammonia system. The B,N,H_-containing species
produced from two types of precursors were monitored by
LTQ-MS over reaction times ranging from 25 to 275 ms,
which was achieved by varying the sprayer outlet-to-MS inlet
distance (Figure S10). Using BH;NH; as starting materials, a
clear progression from small BN, units toward larger ring
structures is observed, with B;Nj; B,N,, BsNs, and higher
oligomers all emerging rapidly by ~100—150 ms. Hydro-
genated intermediates (e.g, B;N;H; and B,N,H,) appear
transiently at early times but decrease as the reaction proceeds,
consistent with progressive dehydrogenation toward the fully
condensed BN framework.

In contrast, the boric acid—ammonia system showed a
markedly different speciation pattern. Instead of radical-
involved oxidation, this system forms a nanostructure by
dehydration and deamination. By tuning the molar ratio of

boric acid and ammonia and observing QD formation, we
chose 1:2 as the best reaction ratio. Early time products consist
predominantly of hydrogenated B—N fragments (e.g., B;N;Hg
and B,N,Hy), and fully dehydrogenated B,N, species appear
later and at substantially lower intensities than in the BH;NH;,
pathway. Fully dehydrogenated oligomers at larger sizes
(B1oNjp to B;,Nj,) also formed, but their appearance is
delayed, and their relative intensities remain weaker. These
trends indicate that the boric acid—ammonia mixture generates
BN frameworks through a more gradual, stepwise assembly
involving persistent hydrogenated intermediates (Figure 4A).

The kinetic differences between the two routes were further
investigated by focusing on two critical species, B;N; and
B;N;H;. When BH;NH; is the starting material, B3N;
formation rises rapidly within the first 100 ms and plateaus
at values exceeding 4 X 10* reflecting the efficiency of direct
B—N coupling and fast dehydrogenation in this pathway. In
sharp contrast, the borate precursor produces only minimal
B;N; under the same conditions, with intensities near baseline
across the entire time window (Figure 4B). This disparity
demonstrates that BH;NH; is inherently predisposed to
undergo rapid ring condensation in microdroplets.

We then tracked B;N;H, (the fully hydrogenated ring)
formation starting from boric acid—ammonia. Here, the borate
route yields strong B;N;H signals reaching >2 X 10° by
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Figure 4. Component profiles of two different color BNQDs and their applications in cell imaging. (A) A heatmap visualizes the component
difference of BNQDs synthesized from two different synthetic routes starting from BH;NH; and boric acid—ammonia mixture. Kinetics of B;N;
and B;N;H, abundances in (B) green and (C) blue BNQD suspension, which were prepared starting from BH;NH; and boric acid—ammonia
mixture. (D) Scale-up setup composed of a peristaltic pump, ultrasound controller, and spraying microdroplets collection chamber with recycling
system. (E) Fluorescence emission spectra of the blue and green BNQD suspensions. (F) Prepared blue and green BNQD suspensions and (G)
fluorescent microscopic images of CHO cells stained by these suspensions. The scale bar represents 30 ym. The blue-channel image clearly

captures a cell under the mitosis phase.

~100—150 ms, whereas BH;NH; produces very little of this
species (Figure 4C). This complementary behavior reinforces
that BH;NHj favors aggressive dehydrogenation and formation
of the fully condensed B;Nj ring, whereas the boric acid—
ammonia system stabilizes hydrogenated rings during con-
densation.

In summary, the kinetic study revealed that BH;NH,
supports a direct, rapid, and highly productive route to B;Nj,
while the boric acid—ammonia mixture follows a slower
pathway with delayed emergence of condensed BN structures.
These mechanistic distinctions highlight how precursor
identity governs the early-stage chemical landscape of BNQD
microdroplet synthesis.

After clarifying that the BNQD profiles are strongly
dependent on the starting materials, we wondered whether
the BNQD profile difference can yield different fluorescent
colors. We set up a scale-up device that can not only produce
large amounts of microsized droplets by an ultrasound sprayer
but also recirculate the condensed microdroplets to the sprayer

by a peristaltic pump (Figure 4D). This continuous flow-
spraying—recycling reactor enables milligram-scale BNQD
production (Figure S11).

After 1 h of running time, sample solutions were tested by
fluorescence spectroscopy. Figure 4E presents the fluorescence
emission spectra of the BNQD suspensions collected from the
scale-up reactor. BNQD suspensions with different colors and
corresponding emission wavelengths are observed in the
BH;NH; and boric acid—ammonia groups, respectively. A
green-emissive population centered at ~517 nm and a blue-
emissive BNQD population peaking at ~477 nm are observed.
Figure 4F shows the striking visual difference between the two
suspensions under UV illumination, with the blue sample
exhibiting bright cyan—blue luminescence and the green
sample displaying intense green emission. These results show
that the microdroplet synthesis can be tuned to generate
BNQD with precursor-dependent optical properties while
retaining high PL efficiency at larger production scales.
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Lastly, the utility of two synthesized BNQDs as bioimaging
agents was evaluated by employing CHO cells as the model
cell line. CHO cell lines were incubated with the blue-emitting
BNQD exhibiting strong intracellular fluorescence, clearly
delineating cell membrane, and subcellular details, including a
dividing cell undergoing mitosis. Cells treated with the green-
emitting BNQD show uniform cytoplasmic staining with high
contrast against the background (Figure 4G). The 30-um-scale
bars highlight the nanoscale penetration and effective labeling
capabilities of BNQD. Although no morphological abnormal-
ities are observed during the imaging test, the long-term
toxicity, biodistribution, and environmental fate of these
BNQD have not yet been evaluated and remain an important
subject for future work. These results implied that the
microdroplet-based green synthesis strategy is not only scalable
but also capable of producing BNQD with tunable optical
properties for monitoring the cell status and even in
bioimaging applications.

BNQDs are successfully synthesized in water microdroplets
under ambient conditions, highlighting the potential of
microdroplet systems as reaction environments for nanoma-
terial formation. The accelerated formation observed here is
consistent with previously reported features of microdroplets,
including enhanced surface-to-volume ratios, rapid solvent
evaporation, and interfacial enrichment of solutes, all of which
can contribute to increased effective concentrations and
reaction rates. With a ¢ potential of 27.09+ 2.99 mV (Figure
S12), it also prevents QD products from undergoing further
aggregation into larger-sized materials.

Mass spectrometric analysis reveals distinct BN H,_
speciation and kinetic profiles for different precursor systems,
supporting precursor-dependent reaction pathways in micro-
droplets. In the case of BH;NH;, the observed intermediates
are consistent with stepwise dehydrogenation and cyclization
processes. In contrast, the boric acid—ammonia system likely
proceeds through condensation and dehydration pathways,
highlighting mechanistic differences between the covalent and
ionic precursor systems under identical microdroplet con-
ditions.

The resulting BNQDs exhibit precursor-dependent PL
properties that serve as an indicator of distinct product
populations. However, based on the current data, the emission
differences cannot be unambiguously attributed to a single
factor, such as size or defect states, and are likely influenced by
a combination of structural and surface-related effects.
Additionally, the colloidal stability of the BNQDs is supported
by their measured positive { potential, which helps to prevent
aggregation in aqueous suspension. Overall, these results
demonstrate that microdroplet environments can enable the
rapid formation of BNQDs while providing access to distinct
product populations through variation of precursor systems.

In this work, we demonstrate that water microdroplets can
serve as effective reaction environments for the synthesis of
BNQDs under ambient conditions. Using borane ammonia
and a boric acid—ammonia precursor system, BNQDs can be
readily generated through distinct precursor-dependent path-
ways, as revealed by mass spectrometric analysis. Compared to
conventional bulk synthesis methods, the microdroplet
approach enables significantly accelerated reaction kinetics
and eliminates the need for high-temperature or -pressure
conditions. The resulting BNQDs exhibit stable PL and can be
applied in cell imaging, demonstrating their potential utility in
bioimaging applications.

This work establishes microdroplet chemistry as a versatile
platform for the synthesis of BN-based nanomaterials and
highlights the importance of precursor-dependent reaction
pathways in determining product characteristics. Further
studies combining structural characterization and time-
resolved spectroscopy will be valuable for elucidating detailed
structure—property relationships in these systems.
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