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ABSTRACT: Clusters have been identified as important
growth intermediates during group III-V quantum dot
(QD) formation. Here we report a one-solvent protocol
that integrates synthesis, purification, and mass character-
ization of indium phosphide (InP) QD growth mixtures.
The use of matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry (MS) successfully tracks the
evolution of clusters and the formation of QDs throughout
the synthesis. Similar clusters are observed during the
formation of large particles, suggesting that these clusters
serve as a reservoir for QD formation. Combining MALDI
and NMR techniques further enables us to extract
extinction coeflicients and construct sizing curves for
cluster-free InP QDs. The use of MALDI MS opens new
opportunities for characterization and mechanistic studies
of small-sized air-sensitive clusters or QDs.

Quantum dots (QDs) have attracted significant attention’

for applications spanning from optoelectronics” and
photovoltaics® to biological imaging.” Colloidal indium
phosphide (InP) nanocrystals stand out as the most promising
Cd-free QD lighting and display materials.”® Common
syntheses of InP QDs utilize indium carboxylates and
tris(trimethylsilyl)phosphine as precursors.” A two-step growth
model has been proposed in which sub-nanometer clusters
serve as important growth intermediates for the formation of
larger InP nanocrystals.”” While precursor conversion events
have been investigated,lo_13 the formation mechanism of QDs
from clusters remains disputed, with ripening,M’15 coales-
cence,'”"” and secondary nucleation” hypothesized as primary
mechanisms.

Historically, absorbance measurements have been employed
to monitor the growth of InP QDs. 5113571 However, as
QDs possess larger absorption cross sections,”’™*” it is
challenging to uncover the existence of clusters when QDs
are also present. Their small size, close to 1 nm,*” also makes
clusters difficult to observe by other available methods, such as
high-resolution transmission electron microscopy, dynamic
light scattering, and small-angle X-ray scattering. Yet, to gain
insights into InP QD growth from clusters, it is crucial to
characterize cluster intermediates during nanocrystal formation.

As a soft ionization technique, matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
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spectrometry (MS) has been applied to studies of Au
nanoclusters,”>** metal oxide nanoparticles,25’26 and ZnS,”’
CdTe,*® and CdSe**>° nanomaterials. It has also been used to
characterize nonclassical growth mechanisms of inorganic
nanoparticles.”””> MALDI MS requires samples to be co-
crystallized with a matrix in a solid form. Since QD batch
syntheses commonly utilize ligands or solvents with high
boiling points, these nonvolatile impurities need to be
completely removed in order to meet the MALDI vacuum
requirements. In a typical QD purification process, polar
solvents are added into the nonpolar growth solution to
precipitate out the nanoparticles, during which the chemical
identity of the surface QD atoms and/or surface ligands may be
altered, or smaller clusters may be removed.*>™>° Moreover,
InP cluster/QD surfaces are very sensitive to oxidation,
especially when exposed to air.*® These surface changes may
affect the mass data and pose challenges in directly applying
MALDI MS for characterizing InP growth intermediates.

Here we present an air-free, one-solvent method that allows
us to synthesize InP QDs in a microfluidic reactor, to purify the
resulting samples without precipitation, and to simultaneously
track the formation of larger QDs and the consumption of
smaller clusters via MALDI MS. Our results show that small
InP clusters are formed right at the beginning of the synthesis
and remain present throughout the entire process, thus acting
as a reservoir for QD growth. Moreover, validated by MALDI
MS, we construct a calibration curve relating particle mass and
extinction coefficients of cluster-free QDs.

In our integrated approach, toluene is used as the solvent for
synthesis, purification, and matrix preparation (Figure 1).
Syntheses of InP growth intermediates are performed in high-
temperature and high-pressure microchemical systems under
inert conditions (Figure S1).''" Purification of the inter-
mediates is achieved by gel permeation chromatography (GPC)
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Figure 1. Integrated air-free approach to characterize InP QD growth
mixtures using MALDI-TOF MS.
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in a glovebox. GPC has been demonstrated to effectively
remove unreacted precursors, ligands, and side products from
QD growth solutions without perturbing the ligand-binding
environment.””** Moreover, both clusters and QDs elute out
from the GPC column at the same time; therefore, they are
preserved together in the purified solution. The absorption
spectra of both clusters and QDs remain unchanged after GPC
purification (Figure S2). 'H and 3'P NMR spectra® before and
after GPC purification show the effective removal of impurities
and weakly associated ligands in the growth solution (Figure
S3). The one-solvent, air-free synthesis and purification
procedures allow us to obtain oxygen-free QDs for further
mass characterization (Figure S4). trans-2-[3-(4-tert-Butyl-
phenyl)-2-methyl-2-propenylidene Jmalononitrile (DCTB), a
common MALDI matrix for metal clusters and nanoparticles,”*
is added to the purified InP—toluene solution. The InP—
DCTB—toluene mixture is then spotted and dried on a MALDI
plate in a glovebox. Both clusters and QDs are characterized at
low laser powers in MALDI MS (Figure SS). Mass distributions
obtained from MALDI correspond to UV—vis absorbance data,
capturing the size change and size distribution of QDs with
high resolution (Figure S6).

InP growth intermediates are first synthesized at different
growth times and temperatures in a one-stage tube reactor
system (Figure 2). Compared to the absorbance measurement,
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Figure 2. (A) UV—vis absorbance spectra and the corresponding (B)
low-mass and (C) high-mass MALDI spectra of GPC-purified InP
growth mixtures synthesized in a tube reactor. The growth time and
temperature are provided in the middle panel for each condition.

MALDI spectra of the same InP growth mixtures not only
provide information on the mass evolution of the larger
particles but also reveal the existence of small cluster mixtures
with masses around 10 kDa during the growth process. For the
QD growth at 240 °C, similar clusters remain in the growth
solution, while the QD mass increases from 60 kDa to close to
90 kDa (Figure 2 and Table S1). Surprisingly, clusters still exist
even after 13 min of reaction time at 240 °C (Figure S7).
Complete consumption of the clusters is achieved only for
growth times longer than 8 min at 270 °C (Figure 2, top black
curves, and Figure S7).

Similar clusters are also observed in two-step syntheses,
where clusters are first formed at low temperatures and then
used as precursors to form QDs at high temperatures. In a two-
stage chip reactor system,'” these small clusters show up after
the precursor reaction in the first reactor at 130 °C (Figure S7)

and then grow in a second reactor at temperatures between 180
and 300 °C (Figure 3). Although higher temperature results in
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Figure 3. (A) UV—vis absorbance spectra and the corresponding (B)
low-mass and (C) high-mass MALDI spectra of GPC-purified InP
growth mixtures synthesized in a two-stage chip reactor system. The
temperature of the first stage is 130 °C, and that of the second stage is
shown in the middle panel for each condition.

the formation of larger QDs, these clusters are not yet fully
consumed. These results are further confirmed in a conven-
tional batch synthesis, in which similar cluster mixtures are
formed at low temperatures (150 °C) and remain present
throughout the growth at 230 °C (Figure S8).

Sub-nanometer InP clusters with an absorbance peak below
400 nm have been previously identified as important growth
intermediates during the formation of InP QDs.*” However,
the UV absorption features of large nanocrystals in the growth
mixtures can overshadow those of the clusters and thus hide
their presence (Figures 2, 3, and S9). With MALDI MS, the
clusters can be differentiated in the growth mixtures. Our
observation of similar clusters in MALDI MS under different
synthetic methods confirms their presence and stability during
the growth of InP QDs. Moreover, the strong dependence of
QD formation on the cluster’s existence suggests their role as a
continuous supply for the growth of larger InP nanocrystals. In
fact, InP QDs can be prepared with the purified clusters as the
only source for growth (Figure S10), implying that QD growth
can occur solely via clusters as intermediates rather than
mixtures of clusters and the initial molecular precursors.

The stability of InP clusters poses challenges to prepare
cluster-free QDs with varying sizes by simply adjusting growth
temperature and time. As clusters absorb in the UV region,
their existence can also affect the results of optical studies of
InP QDs. Our study shows that high temperature and long
reaction times are essential to prepare cluster-free InP QDs. In
order to tune the size of cluster-free QDs, various
concentrations of TOP and TOPO (Table S2) are added to
reaction mixtures, and this results in QD samples with first
absorption peaks ranging from 520.5 to 579.5 nm (Figure 4).
MALDI spectra of these solutions at low mass show no
detectable clusters (Figure S11), while high-mass character-
ization maps out QD masses ranging from 46.5 to 99.0 kDa.

In order to validate the accuracy of MALDI mass against
particle size, two cluster-free QD solutions with their first
absorption peaks at 520 and 580 nm are chosen (protocol
available in the Supporting Information (ST)). 'H and *'P NMR
show that myristate is the only organic ligand species bound to
the purified QDs. The inorganic core mass can then be
obtained by subtracting the myristate mass from the particle
mass (Table S3). The volume of the inorganic core is obtained
by assuming that its density is the same as that of the bulk InP.
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Figure 4. (A) UV—vis absorbance and (B) high-mass MALDI MS
spectra of GPC-purified cluster-free InP QDs synthesized in a tube
reactor at 270 °C. STEM-HAADF image of InP QDs with the first
absorption peak at (C) 520.5 and (D) 579.5 nm. For the projected
area calculations per particle, middle number is from STEM, left
number is from MALDI assuming spherical (S) shape, and right
number is from MALDI assuming tetrahedral (T) shape.

Since InP QDs have been observed in both nearly spherical (S)
and tetrahedral (T) shapes,'”*®* the projected area corre-
sponding to either shape is calculated from the volume of the
inorganic core and compared with that obtained from scanning
transmission electron microscopy—high-angle annular dark-
field imaging (STEM-HAADF) analysis (Figures 4 and S12,
and Table S3). While MALDI MS is known to cause the
possible fragmentation of CdSe nanoparticles,*"** good
agreement is achieved between MALDI and STEM character-
ization, confirming the accuracy of MALDI in determining InP
QD mass.

The synthesis of cluster-free InP QD samples further allows
us to extract molar extinction coefficients and size-dependent
absorption calibration curves of QDs, which are essential for
studies concerning nanocrystal concentrations and sizes.”’”**
With MALDI MS, the extinction coefficient of a QD sample
can be quantified by measuring its absorption and then
determining its concentration by dividing the QD dry mass by
the MALDI particle mass. No assumption is made on the
particle density or shape. However, to provide a reference value
of the particle size, a certain shape is assumed to calculate the
projected area of the particles.

In the manner outlined above (detailed calculations including
error estimation are given in the SI and Table S3), the
extinction coefficients of a series of cluster-free InP QDs at 310
nm are determined (Table 1). The mass information combined
with proton quantification through NMR is also used to obtain
the number of ligands and InP units per particle (Table 1). As
previous studies have indicated, the extinction coeflicients of

Table 1. Cluster-Free QDs with Their First Absorption
Peaks, Their Estimated Number of Ligands and InP Units,
and Their Extinction Coefficients Per Particle (¢) and per
InP Unit (¢') at 310 nm

first abs peak no. of no. of InP e =4
(nm) ligands units M'em™) M!em™)
520.5 111 117 6.0 x 10° 5.1 % 10°
531.0 130 141 7.1 x 10° 5.0 x 10°
546.5 157 198 102 X 10° 52 X 10°
570.5 185 274 14.3 x 10° 52 % 10°
579.5 201 313 16.1 x 10° 5.1 % 103

QDs scale linearly with their effective nanoparticle volume,"

and namely the number of molecule units per particle. This
scaling factor is found to be around 5100 M™' cm™' for InP
QDs evaluated in our work (Table 1 and Figure S13;
calculation available in SI). The estimated absorption cross
section of QDs at 310 nm also agrees well with that of the bulk
material (see SI). We have also evaluated the extinction
coefficients at 350 nm to compare with available literature
results, and good agreement for InP QDs with similar sizes is
observed (Figure S14).%

In conclusion, we have developed an integrated air-free
protocol to characterize InP QD growth intermediates using
MALDI-TOF MS. This method allows for differentiating the
signals of clusters and QDs, yielding important insights into InP
QD growth. Interestingly, similar clusters are persistent during
the QD growth, suggesting their role as a supply for the
formation of larger InP particles. Validated by MALDI MS,
cluster-free InP QDs with different sizes are synthesized to
construct a correlation between the absorption features and the
mass/concentration of InP QDs. Our protocol using MALDI
MS thus provides new opportunities in characterizing and
understanding the growth mechanism underlying small-sized
air-sensitive clusters or QDs.
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