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High-throughput reaction discovery is necessary to understand
complex reaction spaces for inorganic nanocrystal synthesis. Here,
we implemented a high-throughput continuous flow millifluidic
reactor to perform reaction discovery for Cs-Pb-Br nanocrystal
synthesis using a ligand assisted reprecipitation (LARP)-type
approach. 3D-printed flow resistors enable the screening of up to
16 different mixing ratios within a single 90 s run, allowing for
>270 different precursor concentration ratios to be quickly tested
to explore the phase space that results in CsPbBr3, Cs;PbBrg,
a biphasic mixture, or no product. To construct a full phase
map from these high-throughput experiments, a neural network
was trained and validated to predict the product composition
(~500,000 points in precursor concentration space). The con-
centration map predicts product phase as a function of Cs-Pb-Br
feed ratio. This approach demonstrates how high-throughput flow
chemistry can be used in tandem with machine learning to rapidly

explore nanocrystal reaction spaces in flow.

1 Introduction

Nanocrystal synthesis and reaction exploration are increasingly
vital to the modern chemical manufacturing landscape.m The
global market for nanocrystals and related products was esti-
mated at US$7-8 billion in 2020 and is projected to grow 14.1%
annually from 2021-2028.2 This is due to their versatile proper-
ties and functions, as well as their utility in many sectors of in-
dustry, including medicine, semiconductors, electronics, specialty
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chemicals, and even consumer goods.m@ However, the solution-
phase synthesis of nanocrystals can be fickle, and the myr-
iad experimental variables including temperature, time, reagent
choice, concentration ratios, and even order of addition can affect
nanocrystal nucleation and growth.”

Cs-Pb-Br is a ternary materials system that includes the all-
inorganic CsPbBr; lead halide perovskite composition and the
perovskite-like Cs4PbBrg. Lead halide perovskite nanocrystals
represent a class of materials with promising applications in next-
generation displays and electronics®Z, and are typically syn-
thesized using either hot-injection or ligand assisted reprecipi-
tation (LARP) methods.®? The resulting nanocrystal product is
highly sensitive to reaction parameters, especially precursor con-
centration ratios.T01112 Generally, unveiling the dependency of
product outcome (e.g., crystal phase and material stoichiometry)
on reaction parameters is done via batch, one-variable-at-a-time
(OVAT) experimentation. As the reaction parameter space
for nanocrystal production is large and many-dimensional, typical
batch OVAT approaches are not only time- and labor-prohibitive,
but also incapable of revealing higher-order interactions between
the experimental variables and their effects on specific product
characteristics or addressing batch-to-batch variability #1771

Thus, there is a pressing need for high-throughput (HT) reac-
tion exploration that can rapidly map complex parameter spaces
using automated experimental techniques. HT screening systems
are capable of processing more than 10* samples per day@], and
conducting reactions in continuous flow allows for tight control
of reaction heat and mass transfer and fast parametric screening
for reaction discovery,#18 while also mitigating undesired effects
often observed in batch synthesis.2122 Here, we use Cs-Pb-Br as a
model system to introduce two key innovations in the deployment
of high-throughput reaction discovery in continuous flow: paral-
lel variation in reactant stoichiometry to explore compositional
space and the development of a phase space map using machine
learning.

Continuous flow reactors have been used to discover the reac-
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tion parameters for generating nanocrystals with targeted prop-
erties.23 Off-line analysis can be used to interrogate optically in-
active particles!®, but for photoluminescent materials, such as
quantum dots and lead halide perovskite nanocrystals, in-line
monitoring of optical signatures allows for rapid evaluation of
products, facilitating controlled syntheses as well as optimization
of reaction parameters.242> Flow platforms for probing reaction
conditions for photoluminescent nanocrystal synthesis have pri-
marily focused on optimizing reaction temperature and residence
(reaction) time. 2027 Work on investigating compositional space
has relied on varying compositions in an OVAT fashion or utiliz-
ing reactors in which each channel is controlled by its own pump
system2829 increasing system complexity and equipment cost.
Here, we explore compositional space by utilizing a new reactor
geometry that systematically varies reagent ratios across a net-
work of parallel channels. While such parallel geometries have
been utilized for nanocrystal manufacturing22/23, their use in HT
reaction discovery has been limited.

2 Experimental

2.1 Precursor reagent preparation

Cesium carbonate (Cs,CO3, 99.9%), lead (II) oxide (PbO,
99.9%), and oleic acid (90%) were all purchased from Sigma-
Aldrich (St. Louis, MO, USA). Tetra-n-octylammonium bromide
(TOAB, 98%) was purchased from Beantown Chemical (Hudson,
NH, USA). Hexane and isopropyl alcohol (IPA) were purchased
from VWR Chemicals BDH (Radnor, PA, USA). The reagent syn-
thesis and preparation follow Wang et al.2? closely, except hex-
ane is used as the solvent instead of toluene, because toluene
is incompatible with the poly(methyl methacrylate)-based 3D-
printing resin. Details of Cs(oleate), Pb(oleate),, and tetraocty-
lammonium bromide (TOAB) precursor reagent preparation are
given in the Supporting Information.

The precursor solutions were transferred to 250 mL bottles
with three-holed GL45 caps. One of the holes was plugged
and one held the inlet nitrogen gas line for pressurizing the
reagent. PTFE intake tubing (1/16 inch inner diameter) was in-
serted directly into the reagent through the remaining cap hole.
Appropriately-sized PEEK HPLC fittings and ferrules from IDEX
Health and Science (Northbrook, IL, USA) were used throughout
the reactor to make tubing connections.

Reagent viscosities were obtained using a Cannon-Ubbelohde
"semi-micro" manual viscometer (Cannon Instrument Company;
State College, PA, USA) at 21°C. Reagent fluid properties are pro-
vided in Table

Table 1 Reagent viscosities and densities measured at 21°C.

Reagent Kinematic  viscosity | Density
(mm? s~ 1) (kg m—?)

10 mM Cs™ precursor 0.71 688

10 mM Pb** precursor 0.65 691

40 mM Br~ precursor 0.98 613

0.317 M oleic acid in hexane | 0.49 669

2| Journal Name, [year], [vol.], 1@]

2.2 Product characterization
2.2.1 Powder X-Ray Diffraction (XRD)

Prior to XRD measurement, samples were washed with hexane
and pelleted by centrifuging at 4,000 rpm for 5 min. XRD patterns
were acquired on a Rigaku Ultima IV diffractometer operating at
40 mA and 44 kV with a Cu K, radiation source (A = 1.5406
A). Powder samples were dropcast on a zero-diffraction silicon
substrate.

2.2.2 Transmission Electron Microscopy (TEM)

TEM images were acquired on a Thermo Fisher FEI TALOS F200X
microscope operating at 200 kV with a single tilt holder. Each
sample was prepared for microscopy by drop casting a soni-
cated suspension of nanocrystals onto a 400 mesh lacy carbon
coated copper grid (Ted Pella, Inc.; Redding, CA, USA) and dried
overnight under vacuum at room temperature.

2.2.3 Ultraviolet-Visible Spectroscopy (UV-Vis) and Photolu-
minescence Spectroscopy (PL)

While most UV-Vis and PL spectra were obtained using the in-
line, stage-mounted optical detection unit described in the Sup-
porting Information, additional confirmatory and validation UV-
Vis/PL spectroscopy was also performed using a BioTek Synergy
H1 multimode microplate spectrophotometer. Typical sample vol-
ume, where this system was used, was 100 uL in a 96-well mi-
croplate format, corresponding to a pathlength of approximately
2.8 mm.

2.3 Process flow and 3D-printed resistor design

Figure[l]is a schematic diagram of the HT parallel flow reactor we
developed to explore the role that reactant stoichiometry plays
in the Cs-Pb-Br system. It shows the flow pathway for a single
precursor stream. In practice, three precursor streams - one for
each element in the product - were combined at the end point
of this schematic. These precursors were Cs(oleate), Pb(oleate),,
and tetraoctylammonium bromide (TOAB), which were all dis-
solved in hexanes and reacted at room temperature.€ Figure
provides the key design methodology used to control stoichiome-
try across 16 parallel channels of the reactor: the molar ratio of
the three precursors in each reaction channel is set by the rela-
tive flow rates, which in turn are controlled by the hydrodynamic
resistance of each parallel branch. In the low-Reynolds-number
(Re) regime in which this reactor operates (Re < 1300, entrance
lengths > 5.75% of the product of Re and channel diameter in-
dicating fully developed flow)=%, flow rate is simply the ratio of
pressure to hydrodynamic resistance, so a single pressure source
at the head of each precursor stream can be used to generate 16
different mixing ratios. The result can be seen at the bottom of
Figure [1| as the different mixing ratios generate visually distin-
guishable Cs-Pb-Br products.

Control of hydrodynamic resistance was accomplished by inte-
grating a set of 3D-printed fluidic resistors (with resistance R, ;
in Figure [} photograph of installed resistors in Figure [2h) in the
flow path of one of the precursors (TOAB in practice, although
the same control could be achieved with resistors in any of the
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Fig. 1 Schematic of the TOAB (bromide, Br~) stream, with operational
and design elements of the flow reactor. Here, AP is the inlet pressure,
D is diameter and L is length. The subscript in corresponds to the inlet
tubing, subscripts outl,i correspond to the i = 1-4 lengths of tubing
leaving the first flow manifold, and subscripts out2,j correspond to the
j = 1-16 lengths of tubing leaving the system. The flow distribution is
controlled by the resistances of the 16 3D-printed resistors, Ry ;. The
reactor setup is identical for the Cs(oleate) and Pb(oleate), streams,
except that no resistors are in place. At bottom: a photograph of the
Cs-Pb-Br nanocrystals produced in a representative run on the 16-channel
reactor, formed from the various different concentration ratios of Cs-Pb-
Br. In channels 1-3 and 5-7: phase-pure CsPbBr3; nanocrystals were
obtained; in channels 4, 8, and 12: phase-pure CssPbBrg nanocrystals
were obtained; in channels 10, 11, 13-16: biphasic mixtures of CsPbBrj;
and Cs4PbBrg were obtained, and in channel 9: no reaction.

three precursor flow paths). The design methodology for using
3D-printed resistors to control flow rate is an elaboration of the
work of Bhargava et al.®! The hydrodynamic resistance of each
resistor is controlled by selecting an internal channel length (typ-
ically 100-600 mm) and width/diameter (typically 500-800 pm).
The resistors were designed by treating their internal flow as lam-
inar and applying the Hagen-Poiseulle equation for the appropri-
ate channel cross-sectional geometry. Long channel lengths in a
small resistor footprint are accomplished by adding 90° bends,
making the channels serpentine. Using 3D-printed resistors for
flow control affords complete freedom of internal design diame-
ter and length, as opposed to using an off-the-shelf alternative like
small-diameter tubing, which is limited to only industry-standard
internal diameters and circular cross-sections.

Once the flow rate of TOAB needed to target a certain Cs-Pb-Br
mole ratio is known for a given reactor channel j, solving Equa-
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tion (Supporting Information) for the element resistance R,y ;
gives the required design resistance. Initial resistors were de-
signed to bracket the TOAB flow rates required to achieve ex-
actly stoichiometric molar ratios of Cs-Pb-Br (hereafter shorthand
for [Cs(oleate)]-[Pb(oleate),]-[TOAB]) required to produce the
two stable product species (i.e., x¢g:xpp:xpr = 0.20:0.20:0.60 for
CsPbBr3 and x¢g:xpp:xg, = 0.36:0.09:0.55 for Cs4PbBrg) in a sin-
gle run. Over the course of the experiments, additional resistors
were designed to explore Cs-Pb-Br concentration ratios further
away from the two main stoichiometric ratios. Details on resistor
design and flow control are presented in the Supporting Informa-
tion.

2.4 Reactor operation

The three precursor solutions were driven by pressurizing feed
reservoirs with nitrogen at a controlled pressure. We used a
multichannel flow controller to select the pressure on each reser-
voir to achieve mixing ratios as described above. Each stream
was further split using a series of manifolds into 16 parallel
streams. Following splitting into 16 channels, Cs(oleate) and
Pb(oleate), solution streams were merged. This merged Cs-Pb
stream then joined the fluidic resistor-controlled TOAB flow
further downstream, producing reactant mixtures with different
concentrations of the precursors across each channel. Near
the outlet of the reactor, an automated, linear stage-mounted
optical detection system connected to an in-line miniaturized
spectrophotometer obtains both the absorbance (A ~ 300-800
nm) and fluorescence emission (excitation A,, = 405 nm) spectra
of the 16 product streams within approximately 90 s. This
inline monitoring allows distinguishing between luminescent
orthorhombic CsPbBr; nanocrystals and non-luminescent (at
405 nm excitation) trigonal Cs4PbBrs nanocrystals as described
below. A full schematic of the reactor is shown in Figure |S2|in
the Supporting Information.

3 Results & discussion

3.1 Resistor validation

After each resistor was produced, it is necessary to evaluate its
actual fluid resistance because of inherent manufacturing vari-
ability. This resistor performance was validated using simple flow
rate experiments with an inert solvent (hexane and isopropanol,
adjusted to the viscosity of the actual reagents) connected to the
pressure controller by inlet and outlet tubing of known dimen-
sions. The real fluid resistance determined from the measured
flow rate was compared to its intended design resistance. Fig-
ures [2b and [2c show results of this resistor validation process.
For this data set, 26 different unique resistor designs were tested
(with replicates), across 87 different pressure-resistor combina-
tions. Figure shows how measured hydrodynamic resistance
varies from as-designed resistance as a function of resistor chan-
nel geometry (internal channel length, width, and number of
90°turns) as the driving pressure is changed from 300 to 400
to 800 mbar, for individual resistor designs not yet installed on
the 16-channel reactor. Resistance variances over these pressures
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span a range between ~2% and ~31% with a slight trend of lower
variances for short channels with fewer turns excepting the 31%
outlier. Because the %CV is relatively low (i.e. comparable to the
%CV in flow variation seen in our previous work with droplet flow
parallelization for CsPbBr; production)22 regardless of inlet pres-
sure and resistor design, it can be asserted that the linear Ohm’s
Law-type relationship between pressure, flow rate, and fluidic re-
sistance generally holds for our 3D-printed resistors. As such, we
can use such tools as the statistical model developed in the Sup-
porting Information section 2.3, in combination with Equation
to link resistor design to a desired flow rate.

Figure |2c demonstrates the ability of the resistor network to
control mole fraction of TOAB in the reaction mixture after the
resistors are installed. Resistors were mounted on the TOAB
stream of the full 16-channel system and the volumetric flow rate
of the combined and individual streams leaving each channel of
the reactor were measured. The TOAB mole fraction was deter-
mined from the increase in flow rate relative to a flow without the
TOAB stream. Figure plots these measured mole fractions (xp,)
against mole fractions calculated based on the as-designed (i.e.,
theoretical) hydrodynamic resistances. The data shown here are
for a driving pressure of 300 mbar for all reagents; however, flow
rates and concentration ratios for each precursor stream were ver-
ified for all pressures used in these experiments (50-800 mbar).
The dotted 45° line corresponds to perfect alignment between
predicted TOAB mole fractions xp, and actual observed xp,; as
shown in Figure 2k, the resistors tested resulted in observed Br
mole ratios generally very close to their intended design, with
the maximum discrepancy being less than 20%. The Supporting
Information (sections S3.1-S3.3) gives full details on methodolo-
gies used to design/predict hydrodynamic resistance and mole
fraction.

3.2 In-line absorbance and photoluminescence

The absorbance and fluorescence emission spectra of a represen-
tative run across a range of resistor-controlled concentration ra-
tios are shown in Figure Product identities could be deter-
mined from these spectroscopic data. The CsPbBr; nanocrystals
have an excitonic absorption edge at around 400 - 500 nm, with
pronounced green photoluminescence (PL) at 500-520 nm from
405 nm excitation.2232 The Cs,PbBry phase has a signature ab-
sorbance peak at ~318-325 nm2 while having no PL from 405
nm excitation in its pure form.33 These characteristics allow the
product spectra to easily be categorized. The presence of both an
absorbance edge around 450 nm and a peak around 325 nm, as
observed in channels 14 and 15 in Figure (3} indicates a bipha-
sic mixture of both CsPbBr; and Cs4PbBr6.@ The presence of the
metastable CstzBrsIE phase, which can also have an absorbance
maximum at 325 nm®2 but no excitonic edge after 400 nm, was
ruled out via X-ray diffraction (XRD) analysis (see Supporting In-
formation). Importantly, PL full-width at half-maxima (FWHM)
for all emission spectra containing either CsPbBr; alone or in co-
existence with Cs4PbBrg ranged from 26-29 nm, consistent with
the threshold for good-quality nanocrystals as defined in our pre-
vious work (i.e. FWHM < 35 nm).IZZI
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Fig. 2 (a) Photograph of installed 3D-printed resistors in TOAB stream,
with connecting tubing; (b) Coefficient of variation (%CV) across three
driving pressures for selected 3D-printed resistors as a function of their
channel characteristic size, internal length, and number of right-angle
bends. Each point represents a unique design, and resistor resistance
%CV is from experiments with inlet pressures 300, 400, and 800 mbar.
Maximal (red callout = 30.92%) and minimal (green callout = 1.53%)
%CVs about these three pressures are shown; (c) xg,, TOAB mole ratios
with resistors installed vs. Hagen-Poiseulle prediction. Error bars show
one standard deviation above and below (where not shown, the bars are
smaller than the data point markers).

3.3 Building machine learning (ML) models to predict HT
reaction outcomes

To map the compositional space, we defined Cs:Pb:Br mole ratios

of 1:1:3 (orthorhombic) and 4:1:6 (trigonal) as nominal "stoi-

chiometric centers", providing initial guides for the reactant con-

centration ratios that should yield each product. An ultimate
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Fig. 3 Representative absorbance (violet curves), PL (green curves for samples containing CsPbBr3, gray for pure Cs4PbBrs or no reaction) spectra
with the corresponding mole ratios (donut plots) achieved with 16-channel reactor outfitted with various 3D-printed resistors along the TOAB stream.

Channel numbers are indicated in the centers of the donut plots.

objective of this work is to define the boundaries of the ternary
concentration space and determine how "far away" from a given
stoichiometric center a feed stoichiometry can be while still pro-
ducing a given phase. To identify the points in reactant com-
position space that map to each nanocrystal phase product, the

HT reactor was used to obtain spectra for 278 different reactant
compositions. Each (absorbance/photoluminescence (PL)) pair
of spectra was identified as corresponding to CsPbBr3, Cs4PbBrg,
a biphasic mixture of both, or no reaction. Machine learning
(ML) models were then constructed to predict the most-likely
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phases of 500,000 x¢;:xpp:xp, ratios throughout the entire ternary
mixing space. Three ML model candidates—k-nearest neighbors
(KNQC), support vector (SVC), and multi-layer perceptron (MLP)
classifiers-were trained on the ground-truth HT discovery data
and 30-fold cross-validated, then deployed across the Cs-Pb-Br
domain to construct concentration "maps" leading to the four
product possibilities listed above. Figure [4] shows the map gener-
ated using the MLP model, which had the highest average internal
validation accuracy of ~60% (see the Supporting Information sec-
tion 2.4 for details and comparison with other models). We note
that an average model accuracy of ~60% is near the maximum
for this dataset, since the addition of additional observed data
points beyond ~200 no longer improves model accuracy, indicat-
ing sufficient training. This is consistent with machine learning
models deployed in similar studies.=213¢

This phase map illustrates that a Cs-lean (x¢; < 0.3) reac-
tion mixture mostly leads to phase-pure CsPbBr; or a biphasic
mixture of CsPbBr; and Cs4PbBrg, provided enough Br~ is sup-
plied (xg- > 0.3). Below a Br~ mole fraction of ca. 0.30, no
nanocrystals formed, regardless of the proportion of Cs(oleate)
and Pb(oleate),. Furthermore, the most-likely product space for
phase-pure Cs4PbBry is significantly smaller than that of CsPbBr3,
and is consistent with the Cs-rich, Pb-lean concentration bound-
aries outlined in previous work.22 There is also a narrow re-
gion between the two stoichiometric centers marked mostly by
no reaction, despite this area’s closeness to the two main phase
spaces. Furthermore, some relatively isolated phase regions were
also observed, most notably the thin “island” of biphasic mixtures
clustered around xp, ~ 0.25 and xp, > 0.40 near the CsPbBr3
stoichiometric center. Overall, Figure |4 emphasizes how predict-
ing nanocrystal reaction outcomes simply based on proximity to
known stoichiometries can be inaccurate and counterintuitive,
and how more sophisticated approaches to reaction discovery are
often necessary to elucidate the feasibility regions of these prod-
ucts.

3.4 External validation of ML models

To externally validate this model consistently with best prac-
tices, we experimentally challenged it with points in the compo-
sition space that were not included in the original training set.27
Ground truth data for external experimental validation was gen-
erated by randomly selecting several locations within the MLP-
predicted phase regimes outside the training data and synthesiz-
ing nanocrystals with feed compositions corresponding to these
points (i.e. points C-E in Figure [4).28 A point within one of
the three main "regions" corresponding to phase-pure CsPbBrj,
Cs4PbBrg, or a biphasic mixture of the two were chosen, as well
as the ternary mole ratios corresponding to the two stoichiomet-
ric centers for CsPbBr; and CssPbBrg (A and B respectively in
Figure [4). External validation samples were characterized with
UV-vis absorbance and PL spectra collected in-line, as well as off-
line powder XRD and transmission electron microscopy (TEM).
The resulting characterization data for each of the five samples
are given in Figure 5] with TEM size data summarized in Table
the MLP ML model was successful in defining the most-likely Cs-
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Pb-Br flow product phases at the selected locations. These results
also hold for batch reactions at the same concentration ratios; see
Section 3.2 in the Supporting Information for details and charac-
terization data.
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Fig. 4 Cs-Pb-Br ternary phase map (axes = mole fractions) of observed
phases as solid circles (® CsPbBr3; ® Cs4PbBrg; @ biphasic mixture of
CsPbBr3 and Cs4PbBrg) or X for no reaction. Theoretical stoichiomet-
ric centers are marked with stars (* CsPbBrs (Point A), * CssPbBrg
(Point B)). The most-likely product phases between data points are rep-
resented as shaded areas (— CsPbBr3; — Cs4PbBrg; — biphasic mixture
of CsPbBr; and CssPbBrg, — no reaction), as predicted by multi-layer
perceptron neural network (one hidden layer, 75 neurons, rectified linear
activation function, mean model accuracy 60% over 30 folds). Chosen
points for external validation are also shown. In terms of Cs-Pb-Br mole
fractions, they are (A) (0.20, 0.20, 0.60); (B) (0.36, 0.09, 0.55); (C)
(0.05, 0.60, 0.35); (D) (0.12, 0.08, 0.80); (E) (0.40, 0.10, 0.50).

Table 2 Size data for the particles shown in the TEM images in the
rightmost column of Figure All sizes were obtained by analyzing n
particles for each validation point in ImageJ. For conditions A, C, and D,
mean sizes given are the shortest dimensions of the particles.

Validation n Mean particle size | Size std. deviation
point (nm) (nm)

A 300 | 5.5 1.3

B 300 | 31.7 6.5

C 220 | 429 6.0

D 51 125.5 44.7

E 300 | 33.6 8.3

Specifically:

* Point A is the exact stoichiometric composition of pure-phase
CsPbBr3. Point C was predicted to be pure-phase CsPbBr3
by the MLP model. These samples display excitonic edges
around ~500 nm in their absorbance spectra and have con-
siderable PL emission around 505-520 nm. Furthermore,
their XRD traces indicate pure-phase CsPbBrj3, and the TEM
confirms the cuboidal morphology of CsPbBr; nanocrystals.
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Fig. 5 Characterization data for the external validation points from FigureE First column from the left = UV-Vis absorbance spectra; second column
= PL from excitation A,, = 405 nm; third column = experimental XRD traces in red, blue, or pink (reference XRD sticks for CsPbBr3; and Cs4PbBrg
are shown in black and gray respectively), fourth column = TEM images; scale bars are 200 nm for sample D and 100 nm for all others.

* Point B is the exact stoichiometric composition of pure-phase Cs4PbBrg, and the TEM confirms the hexagonal morphology
Cs4PbBrg. Point E was predicted to be pure-phase Cs4PbBrg of Cs4PbBrg nanocrystals.
by the MLP model. These samples display sharp peaks
around 320 nm in their absorbance spectra and have no PL * Point D was predicted to be a biphasic mixture of CsPbBr3
emission. Furthermore, their XRD traces indicate pure-phase and Cs4PbBrg by the MLP model. This point displays both a
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pronounced peak around 320-325 nm and excitonic edge
around ~500 nm in their absorbance spectra, and have
slight PL emission around 520 nm from the CsPbBr; frac-
tion of the mixture. Furthermore, their XRD traces indi-
cate the presence of both CsPbBr; and Cs4PbBrg, and the
TEM confirms the coexistence of both CsPbBr3 and Cs4PbBryg
nanocrystal structures.

Due to the high-throughput nature of this work, product char-
acterization is chiefly performed via rapid in-line spectral analy-
sis; however, if desired, we show here that the product can easily
be characterized for size distribution, concentration, imaging etc.
offline. Furthermore, the two Cs-Pb-Br product phases can easily
be distinguished by their absorbance and photoluminescent spec-
tra alone, so in-line spectral monitoring is sufficient for reaction
discovery in this case.

While Dahl and coworkers have previously examined the
reagent ratios leading to many common Cs-Pb-Br MHP product
phases including CsPbBr3, CssPbBrg, and CsPb;Brs, their discov-
ery process was performed in-batch using fluid handling robots
and focuses on ligand concentration rather than crystal element
stoichiometry directly.224% Similarly, Sanchez and coworkers re-
cently described an automated high-throughput reaction screen-
ing platform investigating the effect of ligand on the Cs-Pb-Br sys-
tem, but this platform is again performed only in batch, requires
specialized automation equipment, and follows the two-reagent
(Cs(oleate) and PbBr,) LARP method at fixed [Cs], which re-
stricts the Pb:Br mole ratio to 1:2.4L Furthermore, most work
including Sanchez et al. focuses on optimizing the production
of the single CsPbBr3 phase, and evaluates Cs4PbBrg mostly from
a kinetic perspective relative to its conversion from CsPbBrs. 3241
In contrast, the HT system described here does not require costly
automation equipment, has a compact footprint (<0.6 m?), op-
erates in flow, investigates the a priori conditions leading to
the Cs4PbBrg phase, and employs a straightforward oleylamine-
free "three-precursors" method®22 (a subset of LARP), which has
not yet been evaluated in the context of HT reaction screening.
Our synthesis method employs a room-temperature reaction be-
tween Cs(oleate), Pb(oleate),, and tetraoctylammonium bromide
(TOAB) precursors in hexanes, similar to a previously reported
method by Wei and coworkers.& Critically, because we employ
three-precursor LARP, the feed stoichiometry is free to take on
any combination of Cs-Pb-Br, allowing for exploration of this en-
tire concentration space.

4 Conclusions

The complete compositional phase map (Figure illustrates
how HT reaction discovery, coupled with 3D printing-based
fluidic design and machine learning models, can be deployed to
rapidly explore different product possibilities, even in a complex
ternary Cs-Pb-Br reaction system, and even relatively far from
nominal phase stoichiometries. Because the discovery process is
performed in flow rather than in batch, the results stemming from
the three concentration ratios can be monitored in situ without
the need for additional pumping equipment, while retaining a
total theoretical maximum throughput of about 15,000 samples

8| Journal Name, [year], [vol.], 1@

per day. Crucially, this phase map represents the first account of
the product phase frontiers for this three-precursor LARP-type
reaction.®24l This approach further demonstrates the capacity of
ML approaches to leverage HT data and produce an externally
verifiable prediction of product composition over a full range of
reactant stoichiometries.
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