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ABSTRACT: High-throughput experimentation (HTE) seeks to
accelerate the exploration of materials space by uniting robotics,
combinatorial methods, and parallel processing. HTE is particularly
relevant to metal halide perovskites (MHPs), a diverse class of
optoelectronic materials with a large chemical space. Here we develop
an HTE workflow to synthesize and characterize light-emitting MHP
single crystals, allowing us to generate the first reported data set of
experimentally derived photoluminescence spectra for low-dimen-
sional MHPs. We leverage the accelerated workflow to optimize the
synthesis and emission of a new MHP, methoxy-phenethylammonium
lead iodide ((4-MeO-PEAI),-Pbl,). We then synthesize 16 000 MHP Robotic Crystal Synthesis and Characterization

single crystals and measure their photoluminescence to study the

effects of synthesis parameters and compositional engineering on the emission intensity of 54 distinct MHPs: we achieve an
acceleration factor of more than 100 times over previously reported HTE MHP synthesis and characterization methods. Using
insights derived from this analysis, we screen an existing database for new, potentially emissive MHPs. On the basis of the Tanimoto
similarity of the bright available emitters, we present our top candidates for future exploration. As a proof of concept, we use one of
these (3,4-difluorophenylmethanamine) to synthesize an MHP which we find has a photoluminescence quantum yield of 10%.

Bl INTRODUCTION exciton binding energy.'®'” Exciton binding energies in
reduced-dimensional MHPs have been shown to exceed 400
meV, more than an order of magnitude higher than that of 3D
MHPs (~10 meV)."*7° This enables efficient, narrow band
emission, and as a result, 2D MHPs have found success as the
active layer in light emitting diodes (LEDs).»'

Red and green MHPs have demonstrated high photo-
luminescence quantum yields (PLQYs) of 90 and 70%
respectively, narrow full width at halfmaximum (fwhm)
peaks of ~20 nm, and LED quantum efficiencies of over
20%.2°"*® However, blue MHP LEDs require further
engineering to achieve color stability.

Traditionally, blue emission in MHPs has been attained by
using a mixture of Cl and Br in the X site.”” Cl and Br based
MHPs are difficult to fabricate using traditional synthesis
techniques due to their poor solubility in popular solvents such
as DMF and their sensitivity to synthesis conditions.’® As a
result, researchers have increasingly levered quantum confine-

Metal halide perovskites (MHPs) have the general formula
ABX;, where A is a small cation such as methylammonium
(MA) or Cs*, B is a larger cation such as Pb*, and X is a
halide. Ideal MHPs have balanced electron and hole mobilities
greater than 10 cm? V7! 57}, free-carrier densities exceeding
10" cm ™, and gain coefficients greater than 10* cm~'.! MHPs
are spectrally tunable through compositional or structural
engineering; this allows for fine control of the photo-
luminescence (PL) spectra.” ® Taken together, these proper-
ties position MHPs for use in light emission applications such
as energy efficient lighting, lasing, and displays.

In 1986, the Maruyama group introduced a new layered
perovskite that combined organic and inorganic components
to form a layered two-dimensional (2D) structure held
together by van der Waals and intramolecular forces.” Here,
the A site cation is replaced by a large organic aromatic or
aliphatic ammonium cation.””" In these reduced-dimensional
perovskites, the large organic cation acts as a wide-band-gap
spacer between the layers of the inorganic lead halide Received:  January 15, 2022
octahedra: the resulting structure can act as a quantum well. Published: May 6, 2022
As these MHPs can easily be synthesized in sheets with
spatially confined domains, they allow for greater tunabil-
ity."*"> Quantum confinement, in part, leads to an increase in
the optical band gap by ~1 eV in 2D MHPs as well as inceased
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Figure 1. Overview of high-throughput experimentation and the acceleration achieved. (a) Schematic of the NT8 robot autopipetting system for
high-throughput experimentation that achieves a 96 times acceleration over traditional VAAC synthesis. (b) Schematic of the automated
photoluminescence measurement setup for high-throughput characterization that achieves a 140 times acceleration over traditional characterization
methods. (c) (top) Schematic of a traditional vapor assisted antisolvent crystallization (VAAC) synthesis vessel compared to (bottom) the 96-well
Intelliplate used for high-throughput synthesis. (d) Examples of the resulting MHP single crystals in the drops (full chemical names of ligands are in

Table S1).

ment in nanoplatelets and nanocrystals to simultaneously
achieve blue emission while avoiding synthetic and other
issues, such as ion migration that degrades the color purity of
blue emitters.”’ While the chemical space of reduced-
dimensional MHPs is much larger than that of 3D perovskites,
as the size of the organic ligands need not adhere to as strict a
tolerance criterium, synthetic challenges have deterred
researchers from exploring the available space.’”™>* These
challenges impede the exploration and optimization of bright
blue emitters and indicate that the discovery of blue MHPs can
benefit from accelerated approaches.” ™’

High-throughput experimentation (HTE) refers to the set of
techniques that accelerate the rate at which experiments can be
conducted. Its use in materials science is most mature in
virology and protein synthesis, in which the experiments are
conducted in an aqueous environment.

Combinatorial vapor deposition processes have been used to
grow multiple thin films for the rapid screening of new material
compositions; however, solution processable MHPs pose new
challenges due to their reliance on volatile solvents that have
low boiling points.”” HTE has been employed in the
exploration of MHPs, but until now it has been limited to
several experiments on a single MHP or to the exploration of a

. . . . . 38-45
few compositions with minimal processing conditions.

572

MHP compositional exploration has focused primarily on
polycrystalline thin films. The analysis of these films is
obfuscated by the grain size and grain boundaries that arise
during fabrication. Thus, the use of single crystals rather than
thin films is preferable when studying fundamental properties
of the MHPs. MHP single crystals can be grown easily with the
use of a vapor assisted antisolvent crystallization (VAAC)
process in which the MHP precursor solutions are left to
crystallize while exposed in an antisolvent environment.*™>°
Recent studies have shown that the VAAC technique increases
compositional homogeneity and reduces ion migration, making
it ideal for synthesizing blue MHPs.**
diffusion process can produce large, high-quality crystals that
have not been demonstrated with the use of other methods.”

We thus took the view that developing a HTE workflow for
the discovery of low-dimensional blue emitting MHP single

The slow antisolvent

crystals simultaneously addresses important challenges in the
field. With this workflow we optimize the synthesis and
emission of a 2D perovskite to demonstrate the validity of the
process, complete 16 128 experiments on more than 50 MHPs,
and use the insights to predict and synthesize a new blue
perovskite, 3,4-difluorophenylmethanamine lead bromide, with
10% PLQY.

https://doi.org/10.1021/acscentsci.2c00041
ACS Cent. Sci. 2022, 8, 571-580
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Figure 2. Validation of the HTE flow through the optimization of (4-MeO-PEAI),-Pbl,. (a) (4-MeO-PEAI),-PbL,synthesis optimization: (left)
plot showing the PL from the single crystal with a measurable PL after an exploration of a wide spread of concentrations and antisolvent conditions;
(right) plot showing the PL curves for multiple (4-MeO-PEAI),-Pbl, crystals grown using a narrower spread of optimized experimental parameters
yielding a 7.5 times higher I, for this previously unexplored material. (b) Heat map visualization: (left) initially, three drops yielded crystals;
(right) narrowing the synthesis conditions that produced the brightest crystal yielded a 180 times increase in likelihood of crystals with emission
(brightest crystals for each antisolvent, solvent, and precursor concentration combination are shown).

B RESULTS AND DISCUSSION

High-Throughput-Experimentation Method. We pre-
viously repurposed an NT8 protein drop-setting robot (Figure
1a) to synthesize single crystal MHPs in high throughput.”"**
In this proof-of-concept work, the robot was used to study a
bright blue perovskite and the resulting images were used to
train a convolutional neural network (CNN) to recognize the
presence of a crystal. This exploration was limited to two
materials, predicted just one new material, and did not
characterize the emission of the crystals produced in high
throughput. The methodology presented herein enables the
exploration of a significantly larger number of perovskites and
leads to the prediction of 18 new materials.

We developed a high-throughput-characterization (HTC)
setup (Figure 1b) and expanded our chemical space to explore
a variety of A site cations and X site halides. We used this to
identify previously unexplored A-site ligands for bright
emitters. The HTC is used to screen an Intelliplate protein
growth plate, comprised of 288 synthesis drops clustered in
groups of three next to an antisolvent well (Figure 1c). This
autonomous characterization method can screen a full tray of
288 crystal drops in under S min. A full-time experimenter
(FTE) might efficiently characterize a single crystal in 15 min:
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288 crystals would take an FTE 72 h. Our flow also includes
imaging the crystals as they form: Figure 1d shows the variety
of crystals grown.

We validated our HTE flow by studying the perovskite (4-
MeO-PEAI),-Pbl, (Figure 2). We found that 576 experiments
(two plates) were needed to optimize both the crystal growth
parameters and maximum emission intensity (I,,,,): we were
able to perform these experiments in <6 h of lab time. During
the initial screening, only three of the 288 experiments
produced crystals: two with chlorobenzene (CB) and one with
isopropanol (IPA). Of these crystals, only one produced a
measurable PL (Figure 2a). We fine-tuned the synthetic
parameters by narrowing the range of precursor concentrations
around this crystal and used only CB and IPA for our
antisolvents. The resulting tray showed a 180 times greater
success rate for crystals with emission and resulted in 7.5 times
brighter PL than the initial screening (Figure 2b). We estimate
that 576 experiments would take an FTE 1700 h in the lab
(extrapolated from an average time of 3 h/experiment). A
recently reported HTE process utilizing a robot-based arrayed
synthesis technique would take over 9 h to synthesize 576
samples prior to characterization."’

Acceleration and Optimization of New MHP Compo-
sition. After validating our HTE workflow by optimizing (4-

https://doi.org/10.1021/acscentsci.2c00041
ACS Cent. Sci. 2022, 8, 571-580
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MeO-PEAI),-Pbl,, we chose additional MHP precursors to
study. Kanatzidis and co-workers’® suggested the following
heuristics for determining the suitability of an organic spacer
for 2D MHPs: net positive charge, degree of substitution of the
amine, hydrogen bonding capacity, stereochemical configu-
ration, and space-filling ability. We used these metrics to select
a large array of MHPs to study using our HTE. Our chosen
ligands included organic ammonium cations with long-chain
aliphatic groups as well as ligands with phenyl groups. We
synthesized over 54 bromide, iodide, and chloride MHPs over
16 128 experiments with varied precursor concentrations and
volumes, solvent combinations, and antisolvent choices.

We explored four to five materials per day (an average of 20
per week). Kirman et al. calculated that a single full-time
experimenter (FTE) would need to conduct 560 experiments
to explore the synthetic space for a single material,”" estimating
that the average researcher would try 20 precursor
concentrations, at least four antisolvents, and seven combina-
tions across three solvents. Of course, an FTE explores several
materials simultaneously, but here the characterization process
becomes the bottleneck: preparing samples and measuring
their PL properties serially is time-consuming. We were able to
measure between 1100 and 2300 crystal emission spectra daily
(across four to eight materials). Our acceleration over Kirman
et al. and a previously reported HTE method for MHP
discovery is summarized below (Table 1).

Table 1. Summary of Previously Reported HTE Synthesis
and Characterization Methods versus the HTE Method
Reported in This Work

previous our acceleration
HTE Kirman this over previous
method® et al.®' work HTE method
unique 48 1 54 1.125%
compositions/month
A-site ligands/month 15 1 54 3.6X
samples 144 1728 16000 112X
prepared/month
acceleration over FTE 35% 13x“ 120 -

“Times estimate based on average in our group.

Insights and Discussion from Data Set. The data set
generated by our HTE workflow also includes over 100 000
crystal images. The shape and emission of the crystals coincide
with the cation dependence observed by Gong et al.: layered,
flakelike crystals demonstrated narrow, sharp emission, while
spiky needlelike crystals produced poor, broadband emission.>®
This effect was also observed in the upscaled macrocrystals for
the materials (Figure S4). We compiled the emission spectra
and experimental parameters and analyzed relative trends. We
visualized the data generated from our workflow by normal-
izing and analyzing emission intensities across all the materials
explored and extracted important indicators of color stability
such as the full width at half maximum (fwhm) (Figure 3a).
We also explored the dependency of crystallization and
emission on precursor concentration, solvent choice, and
antisolvent choice. The heat map in Figure 3b shows the
spread of emission intensity for (PEABr),-PbBr, with
increasing precursor concentration plotted against antisolvent
choice.

With the exception of PEABr, crystallization of the brightest
blue emitters often occurred between 0.25 and 0.45 M. There
was no linear trend apparent in increasing concentration and

574

crystallization. Instead, we observed that crystallization occurs
at optimal combinations of a certain solvent ratio, precursor
concentration, antisolvent choice, and even precursor volume.
We diluted the precursors with different ratios of N,N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)
to study the effect of this solvent system on crystallization
kinetics. The addition of DMSO improved precursor solubility
for brominated compounds and increased the crystal size and
emissivity of the single crystals formed. This enhancement is
due in part to the formation of the DMSO—PbBr, complex
which slows crystallization and produces crystals of better
quality.>* In general, precursors dissolved in a 50—50 ratio of
DMF and DMSO produced the strongest PL.

Given the skewed spread of I, we identified the five
brightest crystals for each material and studied the synthetic
parameters that produced them. The two aromatic anti-
solvents, CB and toluene (bp 132 and 111 °C, respectively),
produced the majority of our brightest crystals, while
chloroform (CF) and IPA (bp 61 and 82 °C, respectively)
produced smaller and thinner crystals with relatively weaker
emission. We found that CB and toluene produced 33 and
30% of the brightest crystals; toluene also produced 30% of the
narrowest emitters. We investigated this effect further by
studying the images gathered over the 7 days of crystallization,
during which we imaged each crystal multiple times. We found
that the boiling point (bp) of the antisolvent used influences
the speed of crystal growth and, hence, the resulting size and
emission of the crystals. Figure 3d shows the crystallization of
(PEAIL),-Pbl, at day 2 (top) and day 5 (bottom). CF crystals
form quickly but remain small, while toluene takes the longest
to induce crystallization but produces the largest crystals and
narrowest emission. We attribute this to the relative polarity of
the antisolvents. Even though toluene has a bp comparable to
that of CB, it is also less polar; a less polar antisolvent (that is
still miscible with the solvent) is less likely to dissolve the
perovskite precursor materials and produces larger crystals of
better quality.

Additionally, we found that a 400 uL precusor volume
produced smaller crystals (Figure 3e, left) when compared to a
volume of 800 uL for the same precursor concentration and
antisolvent. We also observed that a larger number of crystals
were produced (Figure 3e, right). We posit that the increase in
the number of crystals is because a smaller volume of solvent
evaporates faster and the resulting saturated solution holds a
greater number of PbX, nucleation sites. This is more apparent
in the perovskites with lead halides that are less soluble in
DMF and DMSO (bromide and chlorides).” Heterogenous
nucleation, the mechanism wherein the crystallization process
is initiated by an external nucleation site, can dictate the
formation kinetics of the crystals.>®

Hence, we show that controlling the volume and spread of
the precursor solution can influence the presence of
heterogeneous nucleation sites and, thus, the morphology of
polycrystalline perovskite films.

We also observed a slight shift in the emission peaks for
methoxy- and hydroxy-functionalized PEA derivatives, both for
PEABr and for PEAI (Figure S4). We studied the blue shift in
the peak position for 4-MeO-PEABr with density functional
theory (DFT) calculations (Figures S1 and S2). The methoxy
compound in the para position acts as an electron-donating
group with the charge density distributed along both the
HOMO and LUMO. We speculate that this shifts the band gap
by effectively deprotonating the PEA and increasing the

https://doi.org/10.1021/acscentsci.2c00041
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Figure 3. Analysis and visualizations of the experimental and chemical space explored in this work. (a) Data visualization of the chemical space
explored in this work. (left) The brightest emission (I,,,) for each material was normalized and plotted against the peak emission position ().
(right) Full width at half-maximum (fwhm) for each material plotted against I.,.. (b) Heat map visualization of the chemical space examined for
each material. Each tray contains 288 different combinations of precursor concentration (96), solvent selection (2), antisolvent selection (4), and
precursor volume (3). This plot displays the emission intensity of (PEABr),-PbBr, single crystals with increasing precursor concentration. (c)
Schematic of a layered 2D MHP with a phenethylammonium organic spacer and a subset of the 54 organic spacer ligands explored in this work. (d)
Temporal comparison of the crystallization process for the four antisolvents represented using (PEAI),-Pbl,. (e) Comparison between different
precursor volumes for the same concentration and antisolvent combination.

electronegativity of the amino group.”” Our observation is
corroborated by a recent study in which 4-MeO-PEABr was
used to tune the band edge and improve the charge balance
and device performance of CsPbBrs-based LEDs.”® This result
was also observed in the 4-MeO-PEAI perovskite that
demonstrated a consistently narrower fwhm (~66 nm) and
stronger emission during HTC than its nonfunctionalized
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parent ligand PEAI and OH-PEAI as seen in Figure 3a. Our
results suggest that methoxy-functionalized PEA derivatives
warrant further investigation by the broader research
community.

The PEA derivatives shown in Figure 3¢ had an fwhm of
<100 nm and a normalized PL ranging from 1 to 0.25, where 1
is the normalized I, produced by our benchmark MHP,

https://doi.org/10.1021/acscentsci.2c00041
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Figure 4. Molecules predicted and synthesized using our HTE screening process. (a) Eighteen organic spacers from the PubChem database

screened based on Tanimoto similarity with the emitters discovered herein, and emitters found reported in the literature.”>

1, 2-Methylthiazol-4-

amine; 2, 2-(3-(trifluoromethyl)phenyl)ethanamine; 3, 2-(4-biphenyl)ethylamine; 4, 1,4-naphthalenediamine; S, 6-fluoro-1H-benzimidazol-2-
amine; 6, 4-amino-2-methylpyridine; 7, thiophenebismethylamine; 8, 4-pentyn-1-amine; 9, 1-fluoroethanamine; 10, 3-methylpentane-1,5-diamine;

11, 2-fluorocyclopropanamine; 12, cyclohexane-1,4-diamine; 13,

1-(1-cyclohexenyl)ethylamine; 14, 1-(3-phenylpropyl)piperazine; 15, 2-

methoxyamphetamine; 16, 3,4-difluorophenylmethanamine; 17, 4-amino-2-fluorobutanoic acid; 18, 4-(4-chlorophenyl)-1,2,3,6-tetrahydropyridine.
(b) Powder XRD of 3,4-difluorophenylmethanamine lead bromide ((3,4-FPMABr),-PbBr,), one of the 2D MHPs chosen from the PubChem
database and synthesized for proof of concept yielding 10% PLQY. (c) PL, PLE, and PL lifetime for (3,4-FPMABTr),-PbBr,.

(PEABr),-PbBr,, which has been shown to have 80% PLQY.>
4-MeO-PEAI and 4-MeO-PEABr demonstrated normalized

« Values of 0.91 and 0.87, respectively. 4FPEAI was among
the narrowest emitters (fwhm ~ 69 nm), but its I, was an
order of magnitude lower than those of other PEAI
compounds. 3FPEAI and FPEAI performed significantly
worse with weak, broadband emission 3 orders of magnitude
lower than those of the best emitters. A recent study on the
systematic modification of diacetylphenylenediamines shows
that compositionally engineering the A-site cation can lead to
emission covering the entire visible color spectrum.”” Similarly,
our observations indicate a dependence between the
functionalization of the phenyl group and both the color
purity and PLQY of the emission.

Tanimoto Similarity for Potentially Bright MHPs.
Unlike 3D perovskites, which can typically only incorporate
a handful of cations at the A-site due to the geometric
constraints of the interlayer space, 2D perovskites accept a
wide variety of organic spacers. Our HTE exploration affords
us multifaceted information that allows us to predict promising
spacers for future experimental trials. The HTC methodology
combined with unsupervised learning allowed us to quickly sift
through a large chemical space and measure bright emitters.
We fingerprinted these molecular structures and sifted through
existing databases to identify potential similar candidates. To
this end, we chose the Tanimoto index because it takes into
account existing knowledge on the fingerprinted materials, as
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well as any bias. The Tanimoto index has been identified to be
one of the best metrics for similarity calculations.”’

To make our predictions, we clustered the data generated
using the HTC and created a dissimilarity matrix that
highlights differences in emission peaks (Figure S6).61 This
analysis gave insight into which ligands generate the brightest
MHPs with the narrowest emission peaks. Molecules
structurally similar to the brightest emitters in our data set,
and materials previously reported in the literature,®”
mined from the PubChem database (110 million compounds)
using a Tanimoto score of 0.85 as the threshold. Of the
identified molecules, only amines and ammonium halides were

were

retained. Identified molecules were ranked using the criteria of
charge (only +1, +2 allowed), degree of amine (1° > 2° > 3°),
and ring size (diameter < width of MX, octahedron, 6.4 A).
The 18 most promising candidates are shown in Figure 4a.
The presented molecules can be identified as promising
spacer candidates due to several characteristics. They feature
one or two protonatable nitrogen molecules, resulting in
perovskites with general formulas A’A, M, X;,.; and
A'A,_ M, X3n,,, respectively. Higher charges are ruled out
since they cannot achieve charge balance. The width of the
molecules is smaller than the width of the MX, octahedron
(64 A). They do not contain bulky groups, which could
sterically hinder the amino head from “locking” into the
octahedron. Furthermore, the functional groups on the
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molecules do not react with the solvents commonly used in
synthesis: DMF, DMSO, and y-butyrolactone (GBL).

For our proof of concept, we used one of the 18 predicted A-
site ligands, 3,4-FPMA, to synthesize an MHP. The
composition was upscaled into a macrocrystal and confirmed
the layered structure of the MHP via powder X-ray diffraction
(pXRD) (Figure 4b). The highly regular and low-angle
diffraction peaks are characteristic of a 2D MHP.*> We then
exfoliated the macrocrystals and characterized their emission
using an integrating sphere, obtaining a PLQY of 10%. The PL
efficiency (PLE) and lifetime are shown in Figure 4c; this
material will be optimized and studied further in future work.

B CONCLUSIONS

We employed a high-throughput synthesis and characterization
approach to study MHP single crystals using the VAAC
synthesis method and demonstrated its effectiveness by
optimizing the perovskite (4-MeO-PEAI),-Pbl,. We then
grew 16128 MHP crystals and created the first known
database of MHP light emission spectra. We analyzed the data
generated to identify groups of materials that shared desired
properties such as A, I., color purity, and fwhm. We used
this to identify the shared qualities of the brightest emitters
and screened PubChem’s database to generate 18 potential
molecules based on Tanimoto similarity (Figure 3a). We
synthesized one of the candidates (3,4-difluorobenzyl lead
bromide) for proof of concept and achieved a PLQY of 10% on
the exfoliated powder (Figure 3c). We present 17 additional
candidates for future exploration, along with a rich database of
over 100000 crystal images, 16128 PL spectra, and the
corresponding synthesis parameters for future supervised
machine learning. This work provides a benchmark for future
efforts in the development of HTE methods for MHPs.

B EXPERIMENTAL SECTION

General Experimental Procedures. Crystals were grown
in high throughput by using VAAC synthesis described below.
This synthesis process depends on precursor concentration as
well as the choice of solvents and antisolvent. We initially
experimented with eight antisolvents: methanol, dichloroben-
zene, ethanol, butyl alcohol, toluene, IPA, CB, and CF. The
first four antisolvents did not produce a high rate of
crystallinity and were removed from our experimental
parameters. We chose 12 ratios of DMF and DMSO per tray.

The crystals were imaged at regular intervals as they grew
over the course of 7 days. Their emission was measured on the
seventh day. Our HTC comprises two perpendicular motors, a
374 nm diode laser pulsed at a repetition rate of 100 MHz, and
a detector (Ocean Optics 2000+ spectrometer) arranged in the
configuration shown in Figure 1b.

We programmed two motors to sequentially move the
Intelliplate bilaterally to each of the drops in the growth plate.
A pulsed-laser excitation source is focused on each of the 288
drops via a mirror positioned 9 in. overhead. A detector
attached to a collimated lens fitted with a UV filter is
positioned at a 45° angle from the substrate and collects
emission from the crystals in each drop. The laser excites the
crystal within each drop, and the detector gathers the crystal’s
spectral PL response over a preprogrammed integration
interval. We measure the emission from a tray comprised of
drops filled with only solvent and subtract this blank from each
measurement to account for any emission from the tray,
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solvent, and sealing tape. The resulting spectra have been
compiled into a pandas dataframe®* and uploaded to an online
database along with the experimental parameters used to grow
each crystal. The dataframe was augmented with the fwhm,
Amaw Imap and theoretical calculations of the HOMO—-LUMO
band gap, formation energy, and density of states. This data
was clustered, visualized, and analyzed to identify groups of
materials that share desired properties such as I, ., 4., and
narrow fwhm (Figure 3a). The brightest emitters were
identified, and structurally similar molecules were mined
from the PubChem database by using the Tanimoto similarity
described below.

High-Throughput Synthesis. Precursor solutions were
prepared by dissolving a lead halide (PbBr,, PbCl,, or Pbl,)
and an organic salt (e.g, PEABr, 4-MeO-PEABr) in DMF or
DMSO or both. The initial concentration was kept as high as
possible without initiating precipitation, ranging from 2 to 0.25
M. Precursor and solvent solutions were added to the droplet
wells of chemically resistant crystallization plates (three-well
Intelliplates, Art Robbins Instruments, Figure la) with a
Formulatrix NT8 fluid dispenser (Figure 1b). Antisolvents
were added manually to the reservoirs of the synthesis plates
with the use of a 12-channel pipettor. The Formulatrix NT8
drop setter was controlled with an XML code generated with a
home-built python script that combinatorically combined
solvent and precursors into the drops as programmed.

Macrocrystal Synthesis. The optimal precursor concen-
tration and antisolvent choice was determined by analyzing the
results of the HTE. The precursor solution was prepared at the
desired concentration, and 1 mL was placed into a vial which
was placed in a larger vial with 3 mL of antisolvent. To form
single macrocrystals, the vials were placed in an airtight
container lined with a desiccant for humidity control and left in
a fume hood undisturbed for approximately 6—10 days.

Data Analysis. The Tanimoto coefficient is used as a
measure of structural similarity.”” A coefficient of 0 indicates
no similarity, and 1 may indicate identity between two
molecules. The coefficient is calculated as a function of binary
fingerprints of the two structures. The fingerprint is a binary
number with each bit encoding the presence or absence of
predefined structure fragments or a feature in the structure
such as rings, nearest neighbors, and elements. Here, the
PubChem fingerprint is used, which encodes information with
881 binary digits, using seven groups of hierarchical features.*®
The Tanimoto coeflicient is calculated as

N,
T = 'AKB
Ny + Ny — Nygs

where N, represents the number of “on” bits in structure A, Ny
represents the number of “on” bits in structure B, and Nygp
represents the number of “on” bits common to both. The
PubChem PUG REST API was used to sift through the
PubChem database for molecules that match the query with a
Tanimoto coefficient of >0.85. The threshold of 0.85 is
borrowed from computational drug discovery, where a
Tanimoto coeflicient of 0.85 is widely used as an indicator
that the two compounds share similar activities.*®

Density Functional Theory Calculations. PEABr, OH-
PEABr, and MeO-PEABr structures were optimized under the
PBE/DZVP-MOLOPT-SR-GTH level of theory with GTH-
PBE pseudopotentials using the CP2K package (version
6.1).°77% The ligands were optimized individually, before
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attachment to PbBr cores representing the perovskite crystal,
and the resulting electron density and electronic properties
were extracted. Excitation energies and HOMO—-LUMO band
gap were then used to supplement the spectra observed.

Powder XRD Measurements. The crystals were upscaled
to >1 mm?, rinsed with IPA, and crushed into a powder. X-ray
diffraction measurements were conducted with a Rigaku
MiniFlex 6G 600 instrument (Bragg—Brentano geometry)
equipped with a D/teX Ultra silicon strip detector and a Cu
Ka radiation source (1 = 1.5406 A) operating at a voltage of 40
kV and a current of 15 mA.

Optical Measurements. The crystals were upscaled to >1
mm?, rinsed with IPA, and crushed into a powder, and sealed
between two glass slides. Absorption was measured with a
PerkinElmer 950 UV/vis/NIR spectrometer equipped with an
integrating sphere for thin-film measurements. PL quantum
yield and PL decay measurements were carried out with a
Horiba FluoroLog-3 spectrofluorometer in reflection geometry
under ambient conditions. The sample was excited with
monochromated light (375 nm) from a xenon lamp. The
emission was passed through a 500 nm blaze grating
monochromator (iHR320) and collected by an infrared
photomultiplier tube.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscentsci.2c00041.

DFT results; materials explored; additional data analysis
(PDF)

HTE Fabrication: The Formulatrix NT8 drop setter
combinatorically combines solvent and precursors into
the drops as programmed (MP4)

HTE Imaging: An automated imaging system scans each
tray and captures multiple images of each drop at pre-
programmed intervals (MP4)

HTE Characterization: Two motors sequentially move
the growth plate bilaterally to each of the drops. A
pulsed laser excites the crystals and a detector gathers
the crystal’s emission from each drop (MP4)
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