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Varying the nature of the molecular surface ligands used to synthesize and stabilize lead halide perovskite
nanocrystals provides a facile way of tuning and optimizing particle properties. However, the inherently
complex reaction parameter space associated with perovskite nanocrystal synthesis complicates this, ne-
cessitating long-term and laborious experimentation to optimize conditions for a specific ligand set, and to
compare nanoparticle properties across different ligand sets. In the current work, we present an automated
microfluidic-based strategy for multidimensional parameter screening, seeking to maximize luminescence
intensities and minimize emission bandwidths from quantum confined nanostructures, by monitoring varia-
tions in photoluminescence as a function of reaction temperature, base-to-acid ligand ratio, and ligand al-
kyl chain structure (linear versus branched). For a linear ligand pair (octylamine and octanoic acid), we find
two reaction parameter sets that yield bright and narrow emission from nanosheets emitting at 460 nm
(synthesized at 100 °C with a low base : acid ratio, FWHM = 25 nm) and nanowires emitting at 497 nm (syn-
Received 23rd January 2020, thesized at 140 °C with a high base:acid ratio, FWHM = 17 nm). Introducing branched ligands
Accepted 21st February 2020 (2-ethylhexylamine and/or 2-ethylhexanoic acid) induces a red shift in emission and shows that bright and
DOI: 10.1039/d0me00008f narrow emission can only be obtained from weakly quantum-confined nanostructures, within the reaction
conditions studied. This work represents the first use of a rapid automated microfluidic system for the

rsc.li/molecular-engineering screening of ligand interactions during the synthesis lead halide perovskite nanocrystals.

Design, System, Application

In this work we employ rapid multidimensional reaction parameter screening in the design optimization of cesium lead bromide nanocrystals, with a focus
on how changes in molecular surface ligand structure, base:acid ratio and reaction temperature affect resultant photoluminescence properties of the
nanocrystals. The system revolves around the use of an automated droplet microfluidic reactor with integrated photoluminescence collection, which allows
rapid progression through a user-defined set of synthesis parameters covering the parameter space of interest. While we apply this to the design optimiza-
tion of cesium lead bromide nanocrystals in a binary organic amine/acid ligand system, the approach could be used for scanning a wide variety of reaction
input and output variables, and shows much promise for application in the discovery and optimization of many different functional nanoparticles composi-
tions and reaction formulations.

1. Introduction phase, electronic character and colloidal stability." The abil-
ity to tune and rationally design nanocrystal properties as a
function of surface ligand character requires a deep under-
standing of their molecular properties, behaviour and inter-
actions, before, during and after the growth of the nanocrys-
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t Electronic supplementary information (ESI) available. See DOI: 10.1039/ rials into target applications, including optoelectronics4’5
d0me0000sf ) (photovoltaics, displays, lighting) and biomedicine®” (diag-
i Current address: Department of Chemical Engineering, Massachusetts Insti- . . . .
nostics, therapeutics, imaging).
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The surface ligands of colloidal nanocrystals are fundamental
in defining material properties, including size, shape, crystal
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particular excitement surrounding their application in opto-
electronics.>'° This has been driven by their exceptional prop-
erties, including high photoluminescence quantum yields
(PLQYs, routinely >95%), widely tuneable optical characteris-
tics and facile solution-processibility,"** along with the gen-
eral advantages of metal halide perovskites that include
strong optical absorption, high charge-carrier mobilities and
extremely high defect tolerance.'> Given humanity's drastic
need to increase sustainable and clean energy, much hope
has been pinned on LHP nanocrystals in yielding next-
generation photovoltaics and electroluminescent diodes.>****

The propensity of organic-inorganic hybrid LHPs to degrade
over time has shifted interest to more stable all-inorganic ana-
logues, in particular CsPbX; (X = halide).">™” With a view to
further improving stability, a major focus has fallen on under-
standing nanocrystal surface chemistry,">'>'® since structural
and optical instabilities during isolation, purification and han-
dling are still major issues.'® Such instability is seen in both
the colloidal state and after casting into solid-state devices,
where exposure to heat, light, moisture and oxygen severely ac-
celerates physical and optical degradation.” The unique chal-
lenges presented by LHP nanocrystals have meant that the
plethora of knowledge gathered around more traditional semi-
conductor nanocrystals has not been wholly translatable to
these new systems.> Therefore, developing an improved under-
standing of surface stability in LHP nanocrystals has become a
primary challenge for researchers in the field.*"

LHP nanocrystals are commonly synthesized in non-polar
solvents, with a binary ligand system comprising aliphatic car-
boxylic acids and primary amines of various chain
lengths.”**** The dynamic interplay between the ligands
themselves (acid-base chemistry), with the reaction precur-
sors, with the nucleating and growing nanocrystals and with
the final (rapidly generated) reaction products results in a
complex synthetic system, containing various potent surface
binding species (such as lead carboxylate and aliphatic am-
monium halides, acids and amines®’) and also complex
mechanisms, such as Ostwald ripening.”* Further, literature
results indicate that relatively minor modifications to ligands
can yield significant shifts in nanocrystal properties. For ex-
ample, Chen et al. recently showed that by mixing Cg and C;g
alkylamine and carboxylic acid ligands in the synthesis of
CsPbl;, QDs exhibiting improved optical properties, long-
term stability and enhanced charge transport rates when com-
pared to QDs capped only with C;¢ ligands.>* Furthermore,
Shamsi and coworkers have reported the growth of CsPbBr;
nanosheets with lateral dimensions up to micrometers using
a mixed Cg/Cy 4 alkylamine and carboxylic acid system.>

Branched capping ligands have commonly been used in
solution-phase nanocrystal synthesis (e.g. trioctylphosphine ox-
ide for quantum dots>®), owing to steric effects. These have also
been investigated in the context of LHP nanocrystals. For exam-
ple, Wu et al. used trioctylphosphine oxide (TOPO) as an addi-
tive in the common oleic acid/oleylamine system, and observed
that TOPO allows for higher temperature syntheses owing to its
strong surface adsorption and dramatically improved stability

This journal is © The Royal Society of Chemistry 2020
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of CsPbX; nanocrystals against ethanol treatment.”” Addition-
ally, Luo and coworkers used the branched capping ligand
(3-aminopropyl)triethoxysilane to improve the stability of
CH;NH;PbBr; perovskite nanoctystals in polar solvents.”” Fur-
ther, Huang et al. treated CsPbX; nanocrystals with polyhedral
oligomeric silsesquioxane and observed enhanced stability in
water for several months.”® In general, long chain surface li-
gands impede efficient charge recombination, favouring the
use of shorter ligands.>® However, it has been observed that
changing the length of the aliphatic chains, and changing the
base-acid ratio in the reaction medium yields drastic variations
in the size, shape, crystal phase and optical properties of the fi-
nal products, which can assume varied morphologies including
spheres, cubes, plates, sheets, rods, and wires.”>*%*" Introduc-
ing branched ligands introduces an additional modality to ex-
ert control over these properties. For example, Yan et al re-
cently demonstrated improved colloidal stability and optical
stability under ambient conditions, and enhanced amplified
spontaneous emission (ASE) performance, by substituting the
commonly-used oleic acid for the branched 2-hexyldecanoic
acid.?® Further, although interpenetration of ligands on collid-
ing nanocrystals can lead to particle aggregation due to attrac-
tive van der Waals forces, branched or unsaturated ligands can
restrict this due to a disruption of ligand alignment. This effect
has been explored by Krieg et al. in their development of zwit-
terionic capping ligands for CsPbX; nanocrystal synthesis,***
and by Yang et al in studying the colloidal stability of CdSe
nanocrystals with n-alkanoate ligands.****

It is important to note that large scale screening and map-
ping of reaction parameter spaces in the synthesis of LHP
nanocrystals is hindered by the low throughput of traditional
flask-based synthetic approaches.>**°*! In this regard, micro-
fluidic technologies possesses significant advantages when
compared to batch syntheses.**?” Indeed, the last decade has
seen significant developments in the use of microfluidic reac-
tors for nanocrystal synthesis, with many studies reporting
improved reaction control and the rapid production of a wide
range of products with tailored chemical and photophysical
properties.*®* > Of particular current interest are segmented
flow microfluidic reactors, where the reaction is split into dis-
creet droplets separated by a continuous carrier phase.*® Such
formats confer additional advantages when compared to con-
tinuous flow approaches; most prominently rapid mixing
(that yields nanocrystals with lower polydispersity) and negli-
gible reactor fouling. Additionally, improved heat and mass
transfer provides for unrivalled control over reaction parame-
ters, ensuring excellent product-to-product reproducibility.**
A key capability of microfluidic reactors of this kind is the ca-
pacity to scan large and multidimensional reaction parameter
spaces via automated reaction control (of precursor dosing,
reaction times and temperature) and in situ product character-
ization (by absorption and emission spectroscopies).*> Put
simply, such approaches allow for a dramatic increase in the
rate of information generation/collection, with a concurrent
and dramatic decrease in reagent usage, when compared to
standard flask-based synthesis methods.
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In regard to the synthesis of LHP nanocrystals in
segmented-flow microfluidics, significant developments have
recently been reported by us,*® ! and Abolhasani.’®>* Whilst
these studies have been instrumental in revealing the nature
of growth kinetics of LHP nanocrystals,*”*>** and of compo-
sitional tuning for optical and morphological charac-
ter,*®*%4%33 they have not yet been applied to the study of
surface ligand effects during the synthesis of nanocrystals.

Herein, we show how an automated microfluidic reactor
with integrated photoluminescence detection can be used to
perform detailed parametric scans (temperature versus base-
acid ratio) for defined ligand sets, and critical comparisons
between different ligand sets. We study the model case of
how ligand structure affects CsPbBr; nanocrystal growth in a
binary organic acid/amine ligand system. The four tested li-
gands all possess eight carbons in the alkyl chain, but one
set is branched, and the other linear. By repeating the
multidimensional parameter scans under identical condi-
tions but substituting in the different ligands, it is possible
to conduct a detailed comparison between different condi-
tions and elucidate the effect of alkyl structure on the resul-
tant nanocrystal properties. To our knowledge, this is the
first demonstration of a microfluidic platform able to per-
form high-throughput screening of ligand activities in nano-
crystal synthesis, and serves as an important demonstration
of the power of multiparametric scanning in the characteriza-
tion of ligand effects in nanocrystal systems.

2. Materials & methods
2.1 Materials

Cesium carbonate (Cs,COs, Aldrich, 99.9%), lead bromide
(PbBr,, ABCR, 98%), 1-octadecene (ODE, Sigma-Aldrich, 90%),
octanoic acid (Sigma-Aldrich, >=99%), octylamine (Sigma-Al-
drich, 99%), 2-ethylhexanoic acid (TCI, >99%),
2-ethylhexylamine (TCI, >98%) were used as received.

2.2 Preparation of precursor solutions

Cesium precursor: Cs,CO; (51 mg) was loaded into a 20 ml
Schlenk flask together with 10 ml of ODE and 0.625 ml of or-
ganic acid (octanoic or 2-ethylhexanoic acid), dried for 1 h at
120 °C, and then cooled to room temperature under N,. For
the subsequent microfluidic synthesis, the precursor was
loaded into a 10 mL Hamilton glass syringe.

Lead bromide precursor: PbBr, (138 mg) was loaded into a
20 ml Schlenk flask along with 10 ml of ODE. The cloudy mix-
ture was heated to 120 °C under vacuum, and then the total 7.5
mmol of ligands (base plus acid at 2:1 or 1:1 base: acid) were
added under a N, atmosphere. After the PbBr, dissolved
completely, the solution was cooled to room temperature under
N, before being loaded into a 10 ml Hamilton glass syringe.

2.3 Microfluidic synthesis of nanocrystals

The precursor-loaded syringes were positioned on precision
syringe pumps (neMESYS, Cetoni GmbH, Germany). Two sy-
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ringes were filled with PbBr, precursor with different ratios
of ligands. One syringe was used to inject the carrier fluid
(Galden Fluorinated Fluid, Blaser Swisslube AG, Germany)
while another was used to injected Cs precursor. The precur-
sors and oil were all conveyed separately through poly-
tetrafluoroethylene (PTFE) tubing (1/16” OD, 0.5 mm ID,
IDEX Health & Science, USA) into a polyether ether ketone
(PEEK) 7-port manifold (0.5 mm thru-hole, IDEX Health &
Science, USA), where they combined to form a segmented
flow. The ratio of carrier phase (oil) to dispersed phase (ODE)
could be controlled precisely, along with the exact base-acid
ligand ratio within the dispersed phase, by varying the pump
rates of the four separate syringes. Droplets were conveyed
through the tubing onto a heating module, where the tubing
was wrapped around a copper rod heated to a user-defined
reaction temperature. After exiting the heating unit, inline
fluorescence measurements were performed on droplets
using a 365 nm LED light source (M365LP1, Thorlabs, Ger-
many) and a fiber coupled spectrometer (QE 65 Pro, Ocean
Optics, USA) for detection, with an integration time of 30
milliseconds. Each parameter set was run for 2 minutes, and
data was recorded for the last 30 seconds of this to allow for
reactor pressure equilibration. All reactor units are controlled
and systematically linked together using an in-house-
developed LabVIEW program, which automatically adjusts
the temperature, flow rate, and residence time while manag-
ing data logging. All photoluminescence spectra were mea-
sured inline without any product purification.

2.4 Data analysis

Each experimental run yielded 121 .csv files containing 335
spectra each. These were processed using a custom Python
script to average the data in each file, to compile all data, to
perform calculations of dominant peak position, median,
interquartile range and peak intensity, and to plot all spectra,
scatter, and contour plots.

2.5 Offline characterization

Selected reaction products were collected at the exit of the re-
actor for later analysis by transmission electron microscopy
(TEM) (Hitachi HT7700, accelerating voltage 100 kV). TEM
samples were prepared using crude products without further
processing.

3. Results

General system description

Cesium lead bromide nanocrystals were synthesized follow-
ing literature protocols,>® with some modifications. The ce-
sium, lead and bromine precursors were maintained at a con-
stant concentration (yielding a Cs:Pb:Br ratio of 1:2.9:5.8),
whilst the reaction temperature and the ratio between the
amine and acid ligands was varied during experiment (be-
tween 90 and 190 °C, and a base:acid ratio of 0.7:1 to 1.2:
1). Accordingly, changes in photoluminescence and size/

This journal is © The Royal Society of Chemistry 2020
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morphology within a single experimental run occurred as a
function of ligand base:acid ratio and temperature. The li-
gand ratio was varied during experiment by
maintaining the cesium precursor at a constant flow rate,
and by keeping the total flow rate of the two lead sources
constant while altering the individual flow rates to yield dif-
ferent ratios of base to acid. It is important to note that this
ligand base : acid ratio considers the carboxylic acid delivered
in both the lead and cesium precursors.

The automated microfluidic platform is shown in Fig. 1a.
A key component of the system is a LabVIEW script which
controls the flow rate of the precursor and oil syringe pumps,
and collects inline photoluminescence data from the spectro-
meter. Within a single experimental run, 11 temperatures
and 11 different base:acid ligand ratios were sampled, yield-
ing 121 unique reaction parameter sets per experiment, for
four unique ligand sets (see Fig. S1f for full spectral data
sets). Between different experimental runs, the ligands were

Syringe Drivers

Octanoic acid

/\/\/\)]\

Octylamine

Fig. 1
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exchanged, varying the aliphatic branching (Fig. 1b). We
chose four ligands, namely the linear ligands octanoic acid
(C8A) and octylamine (C8B), and branched ligands
2-ethylhexanoic acid (C8Ab) and 2-ethylhexylamine (C8Bb).
Growth rates of cesium lead bromide nanocrystals are typi-
cally high, owing to the rapidity of the ionic metathesis reac-
tion, therefore induction of and control over the growth fo-
cussing phase is challenging. As a result, it is common to
observe multiple peaks in the PL spectra of crude reaction so-
lutions, arising from variable levels of quantum confinement
in the different sized nanocrystals.>® This often necessitates
careful post-synthetic processing to isolate a monodisperse
population,*” with the purification procedure (typically using
polar solvents) commonly leading to degradation of the li-
gand shell and therefore the nanocrystals.”®*”

When analysing spectral data, we report the dominant
peak position, the median peak position, the peak intensity
and the interquartile range (see Fig. S21). The dominant peak

Droplet
Generator

Heating Unit

- D!))!!)))!U

L Excitation
|"-.. Source

Sample

Spectrometer Collection

2-Ethylhexanoic acid

L
o

2-Ethylhexylamine

(a) Schematic of the microfluidic reaction platform for cesium lead bromide nanocrystal synthesis. An automation script directs the reactor

to process 121 parameter sets, changing the flow rates of the syringes and the temperature of the heating coil for each set. Endpoint fluorescence
is recorded inline and the data logged on the computer. (b) The four ligands used in this work, denoted as follows: octanoic acid (C8A), octylamine

(C8B), 2-ethylhexanoic acid (C8Ab) and 2-ethylhexamine (C8BDb).
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position indicates the dominant emitting species in the reac-
tion solution, but ignores any subpeaks present. The median
emission wavelength is used as an indicator of average emis-
sion wavelength weighted by intensity (note, although the
value itself does not correspond to a specific excited state, for
spectra containing only one peak, the value tends towards
the peak emission wavelength). The peak intensity is used as
a measure of the brightness of the dominant reaction prod-
uct. It should be noted that we do not compare the peak
emission intensities between ligand sets, as excitation inten-
sities vary between experiments. Furthermore, the inter-
quartile range (IQR) is used in preference to the full width at
half maximum (FWHM), since many of the spectra contain
several convoluted peaks; the IQR yields a single value as an
indicator of the spread of emission wavelengths in a sample.

View Article Online

MSDE
Mapping trends within a single experiment

Multiple input and output variables are used to map the pa-
rameter space and to identify the optimal conditions for a
given ligand set. Using the linear ligand set C8B-C8A, we
sought to find reaction conditions that yield high emission
intensities and low spectral widths (or IQRs). Fig. 2 presents
extracted data as a series of contour plots (a-c) and spectral
series (d-g) extracted along lines of interest in the contour
plots. In this way, it is possible to use the contour plots for a
broad survey of the reaction parameter space, and then to ex-
tract specific spectra of interest for further study. A general
shift in the median emission towards the red is observed as a
function of reaction temperature, within the range 460 to 500
nm. As the bulk emission of CsPbBr; occurs at approximately
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Fig. 2 Screening results for the linear ligand set C8B-C8A. The contour plots show (a) median emission, (b) interquartile range and (c) peak
intensity as a function of base:acid ratio and temperature. The white dashed lines in the contour plots correspond to the four spectral series

shown in panels (d-g).
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525 nm (well above the indicated range), we see that all nano-
structures synthesized in this parameter space are quantum
confined.”® There is a smaller dependence of the median
emission on base:acid ratio. The distinct spectral peaks do
not shift continuously, but instead rise or fall within relatively
narrow ranges (Fig. 2d-g), suggesting the presence of several
distinct species. There is a clear relationship between input
variables and peak intensity, with two distinct regions of high
intensity being visible in Fig. 2c¢ and occurring at approxi-

View Article Online

Paper

mately 110 °C and 140 °C. At 110 °C, a lower base:acid ratio
yields a higher peak intensity, whereas at 140 °C a higher
base:acid ratio yields a higher peak intensity. There is clear
relationship between the “valley” separating these high inten-
sity regions and the region where the IQR reaches a maxi-
mum, as emission is shared between two distinct species
emitting at 460 or 497 nm in the intermediate zone. Accord-
ingly, the maximum intensity is less than in neighbouring re-
gions, where emission is dominated by single emitting
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Fig. 3 (a) TEM micrographs of nine samples taken from the C8B-C8A experiment. Scale bar = 100 nm. (b and c) Contour maps of the sampling
points in the median emission and interquartile range contour plots. (d) The emission spectra associated with the nine samples marked.
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species. The region of high IQR represents a transition zone
which is undesirable when targeting a specific reaction prod-
uct with minimal size (and emission) dispersity.

To cast further light on the large data set collected dur-
ing the high-throughput microfluidic experiments, it is pos-
sible to collect a subset of samples for detailed offline analy-
sis. Fig. 3a presents nine TEM micrographs of samples
collected for the C8B-C8A experiment, sampled from points
dispersed equidistantly through the parameter space and
mapped in relation to the median and IQR contour plots in
Fig. 3b and c, respectively, with the corresponding emission
spectra shown in Fig. 3d. It should be noted that TEM imag-
ing can be problematic for LHP nanocrystals, as the high
energy electron beam can degrade samples.” Further, study-
ing the crude reaction product means that there are often
many different structures visible in the micrographs (e.g.
Fig. 3a5). These two issues make quantitative assessment of
the different populations challenging, however the images
do provide an indication of types of morphologies present,
which can be related to the experimental data. In the cur-
rent study, micrographs revealed two distinct species—nano-
plates and nanowires, albeit with widely ranging dimen-
sions. High base:acid ratios appear to favour nanowire
formation, with products tending towards nanosheets at
higher temperatures and lower base:acid ratios, an observa-
tion that is in agreement with previous results.*>®® Fig. 3
shows that the two highly emissive species highlighted
above correspond to nanowires emitting at 497 nm (synthe-
sized at 140 °C with high base:acid ratio) and nanosheets
emitting at 460 nm (synthesized at 100 °C with low base:
acid ratio). Although products synthesized at 110 °C with
low base:acid ratio exhibit slightly higher emission intensi-
ties, this is at the expense of a higher IQR, so we suggest
that the 100 °C condition offers a better overall result. Fig.
S3at shows the position of the two species within the pa-
rameter space, and their full emission spectra. Nanoplates
emitting at 460 nm have a full width at half maximum
(FWHM) of 25 nm, while nanowires emitting at 497 nm
have a FWHM of 17 nm. Previous studies of CsPbBr; nano-
crystals have revealed a strong correlation between the thick-
ness of nanostructures (in terms of crystalline unit cells)
and the emission wavelength, due to quantum confinement
of excitons.” Bulk emission occurs at approximately 2.36 eV
(525 nm), with higher energy emission occurring in the
quantum confinement regime with nanostructures below the
excitonic Bohr diameter (which is 7 nm for CsPbBr;).”*® As
the two major peaks in the spectral series of the linear li-
gands experiment occur at 460 and 497 nm, they can be as-
cribed to quantum-confined structures of CsPbBr;. The 460
and 497 nm peaks map to nanostructures of 3 and 11 unit
cells, respectively.”®®" In summary, this experiment demon-
strates how simultaneously scanning several input variables,
and studying several output variables in concert allows ready
visualization and selection of optimal reaction conditions,
here revealing two distinct regions of useful emission char-
acteristics from quantum confined nanostructures.
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Next, we exchanged the octylamine (C8B) for
2-ethylhexamine (C8Bb), and ran the same analysis. Data
shown in Fig. 4 are distinctly different from the linear li-
gand case (Fig. 2), showing the stark effect of amine ligand
branching on output variables. Firstly, the median emission
and IQR are now independent of the base:acid ratio
(Fig. 4a and b). At lower temperatures, broader and lower
intensity spectra are observed (Fig. 4f and g). As the temper-
ature is increased, spectra shift towards the red and the IQR
drops. At 190 °C, narrow emission spectra centred at 527
nm are obtained. Such emission corresponds to bulk mate-
rial emission,”® showing that these nanostructures are no
longer in the quantum confinement regime, and thus that it
cannot be concluded that the sample is monodisperse.
Interestingly, there is a dependence of the peak intensity on
the base:acid ratio at higher temperatures (>140 °C), with
higher base content favouring higher fluorescence intensi-
ties (Fig. 4c). From these results, it is evident that there ex-
ists a narrow temperature range (between 120 and 130 °C)
in which bright and narrow emission can be obtained
(Fig. 4d and e) from very weakly quantum-confined nano-
structures (519 to 522 nm emission), with only a mild de-
pendence on base:acid ratio. Fig. S3bt shows the position
of two species in this range in parameter space, and their
full emission spectra. Above 130 °C, emission arises from
non-confined excitons, emitting above 525 nm. The TEM
map of this experiment (Fig. S41) shows the formation of
nanosheets under all sampled reaction conditions. The
three samples at 100 °C are less distinct and more aggre-
gated, and correspond to the three lower wavelength spectra
shown in Fig. S4d.t However, at 140 and 180 °C, the prod-
ucts are consistent, with all resulting in narrow spectral
peaks centred at 527 nm, albeit with products that vary
quite markedly in their lateral dimensions.

The remaining two ligand sets (C8B-C8Ab and C8Bb-
C8ADb) showed less variation in emission character within
each experiment, so they are now reviewed only briefly. For
the C8B-C8Ab ligand set, we observe a dependence of me-
dian emission and IQR on temperature, with spectra red-
shifting and narrowing with increasing temperature; but less
of a dependence on the base:acid ratio (Fig. S5a and bt).
However, as shown in Fig. S5c,f the peak fluorescence inten-
sity does show a dependence on base: acid ratio, with a lower
ratio favouring higher intensities, and a maximum occurring
at high temperatures and low base: acid ratios. Inspection of
the three contour plots together indicates that there is a re-
gion that yields products in the weak quantum confinement
regime (emission between 500 and 525 nm), with relatively
bright and narrow emission, corresponding to the center and
lower left portions of the parameter space as plotted. Within
this region, bright and narrow quantum-confined emission is
observed along the base:acid ratio 0.7 line (Fig. S5ff), below
a temperature of 140 °C (Fig. S5et). Fig. S3ct shows the posi-
tion of three products in this region of parameter space, and
their full emission spectra. The TEM map shown in Fig. S6F
exhibits a variety of nanostructures, including nanosheets

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Screening results for the ligand set C8Bb-C8A. The contour plots show (a) median emission, (b) interquartile range and (c) peak intensity as
a function of base: acid ratio and temperature. The white dashed lines in the contour plots correspond to the four spectral series shown in panels

(d-g).

with large lateral dimensions, similar to those synthesized by
Shamsi et al. using a mixed Cg/C;g binary ligand system.>®
Further, under reaction conditions of 140 °C and base:acid
ratio of 0.95, nanocubes are obtained with an emission peak
in weak confinement, at 515 nm.

Finally, Fig. S7f presents a detailed analysis of the
C8Bb-C8Ab ligand set, where all of the reaction products
yield peaks above 519 nm, with low IQR in all cases.
However, the peak intensity does vary considerably across
the data set. There is a narrow temperature range (be-
tween 90 and 100 °C) that yields emission peaks at ap-
proximately 520 nm, with maximum intensity occurring at
0.95 base:acid ratio at 100 °C. Fig. S3df shows the posi-
tion of four products in this region of the parameter
space, with their full emission spectra. Emission at 520
nm suggests very weak quantum confinement. Fig. S8t

This journal is © The Royal Society of Chemistry 2020

shows

the TEM map for the branched Iligand set,
exhibiting a mixture of nanocubes and nanospheres, and
some larger aggregates.

Mapping trends between experiments

Using the methodology outlined herein, it is possible to
make detailed comparisons between experiments and eluci-
date the effects of different ligands on the reaction output
variables. To compare the data sets for the four ligand combi-
nations studied in this work, the contour plots were directly
compared (Fig. 5a and c) and data extracted to visualize the
differing effects between the ligand sets (Fig. 5b and d).
Fig. 5a contrasts the median emission wavelength contour
plots for the four ligand sets, while Fig. 5b shows two scatter
plots with data series extracted at a constant base:acid ratio
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Fig. 5 Comparison between the four ligand sets. (a) The median emission contour plots, plotted with the same colour scale. (b) Scatter plots
comparing the median emission wavelengths of the four ligand sets at a constant base: acid ratio (1.0) and a constant temperature (140 °C). (c)
The interquartile range contour plots, plotted against the same colour range. (d) Scatter plots comparing the interquartile ranges of the four ligand
sets at a constant base : acid ratio (1.0) and a constant temperature (140 °C). The dashed white lines on the contour plots correspond to the series

extracted for the scatter plots.

(1.0), and a constant temperature (140 °C), corresponding to
the dashed white lines on the contour plots and chosen as in-
structive lines of comparison.

From the median emission contour plots, we can see
that the C8Bb-C8ADb ligand set (i.e. both branched ligands)
yields the most consistent result across the data set, with
no dependence on base:acid ratio and little temperature
dependence, which is shown in the corresponding scatter
plots in Fig. 5b (red line). In contrast, the C8B-C8A li-
gand set (i.e. where both ligands are linear) shows a de-
pendency on both base content and temperature. The
C8Bb-C8A set shows the biggest shift in emission, as a
function of temperature, but no dependence on base:acid
ratio (green line). For the IQR contour plots (Fig. 5c),
again the biggest contrast is between the C8B-C8A and
C8Bb-C8Ab data sets, with the branched ligands showing
constant IQR in all conditions, but the linear ligands
allowing a large range of IQRs reflective of the varied re-
action products as discussed above. The most striking
shift in IQR is seen for the C8Bb-C8A as a function of
temperature (Fig. 5d), with the C8B-C8A set also showing
a pronounced reduction with increasing temperature. Over-
all, the scatter plots indicate that changing the tempera-
ture has a more pronounced effect on the median and
IQR than changing the base:acid ratio.
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4. Discussion

In this work we have demonstrated how a microfluidic plat-
form can be used to investigate the effect of input variables,
including ligand structure, ligand base-acid ratio and temper-
ature, on the nature of the reaction products in the synthesis
of cesium lead bromide nanocrystals, with a view to accelerat-
ing the search for reaction conditions that yield bright and
narrow emission from quantum confined nanostructures. We
have observed a variety of nanostructures, predominantly
nanosheets and nanowires. Such anisotropic growth of
CsPbBr; nanocrystals is common with alkylammonium li-
gands as they preferentially bind to the basal plane of the
structure, restricting growth in the vertical axis and more
readily permitting lateral growth.®> Further, reaction solutions
rich in aliphatic ammonium ions encourage anisotropic
growth due to competition between the RNH;" and Cs” ions.*?

Additionally, we have observed that, in the case of the lin-
ear ligand set C8B-C8A, there are two distinct regions in the
reaction parameter space that yield high intensity emission
and low emission width. The regions correspond to distinct
products emitting at two different wavelengths, both in the
quantum confined regime (i.e. dimensional confinement be-
low the exciton Bohr diameter of 7 nm for CsPbBrj;). Synthesis
at 100 °C with lower base:acid ratio yields nanosheets with

This journal is © The Royal Society of Chemistry 2020
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intense emission at 460 nm with FWHM = 25 nm, and synthe-
sis 140 °C at higher base:acid ratio yields nanowires with
intense emission at 497 nm with FWHM = 17 nm (Fig. S3at).
In contrast, we have observed that when either the organic
acid or amine ligand possesses a branched alkyl chain, emis-
sion is on average significantly shifted towards the red, with
weaker and wider peaks in the strong quantum confinement
regime (emission <500 nm), indicating less control over
growth and the production of larger nanostructures. In the
case where both ligands are branched, very weak or no quan-
tum confinement is observed, indicating that the branched li-
gands are less suited to controlling growth or stabilizing
smaller nanostructures in the conditions studied (Fig. S17).

The rate of addition of monomers to growing LHP nano-
crystals, and therefore the final size of the reaction products
and extent of quantum confinement, is known to depend
strongly on both the packing of the monolayer of ligand mole-
cules on the crystal surface, and the dynamic equilibrium of
surface-bound and free ligands in solution.®>®® These, in turn,
depend on the ligand structure, ligand concentration and reac-
tion temperature. Ligand shells with less regular packing and/
or lower packing densities, allow faster monomer addition,
resulting in the growth of larger nanostructures.”” In our study,
the use of relatively short Cg alkyl ligands likely leads to well-
ordered ligand monolayers,** but the relatively short chain
length provides less inhibition of monomer diffusion versus
longer chain ligands.®> With increasing temperature, increased
kinetic energy of monomers then facilitates faster diffusion
and addition of material to the growing nanocrystals, leading
to an increased particle size with increasing temperature under
all conditions. This is in accord with previous observations that
LHP nanostructure thickness increases with increasing growth
temperature regardless of the alkyl chain length of the
alkylammonium ligand.*

Although introducing branched ligands can offer a steric
effect to hinder monomer diffusion, our studies demonstrate
the opposite effect, yielding larger nanostructures with more
red-shifted emission. We suggest that the disruptive effect of
the branched ligands on ligand packing dominates over ste-
ric hindrance of monomer diffusion, allowing increased
monomer addition, increased growth rates and larger final
structures. This is likely a consequence of the short alkyl
chain lengths used in this study. Interestingly, introducing
the branched acid (C8B-C8AD) yielded a greater red shift with
fewer blue emitting species compared to introducing the
branched amine (C8Bb-C8A). This is somewhat counterintui-
tive given the common presumption that the dominant sur-
face ligand is alkylammonium. However, several studies have
suggested that carboxylic acid and carboxylate ligands are in
fact present in significant amounts on the surface of CsPbBr;
nanocrystals,”>*"** with the amine and carboxylic acids
showing facet-dependent binding.** Further, the multiple
states and roles of each ligand before, during and after the
reaction,>"®> make this effect hard to disentangle in the con-
text of the current study. However, we note that the effects of
ligand branching are evidently not restricted to sterics, but
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also have implications in the diffusion of ligands in solution,
and of ligand stabilized monomers (e.g. alkylammonium bro-
mide and cesium carboxylate) in solution and, critically,
through the ligand shell. For example, previous studies have
observed that organic acid concentration has a strong effect
on particle growth rate, which was ascribed to chain-length-
dependent protonation rates (with the carboxylic acid proton-
ating the amine),*” an effect that is exacerbated by the rapid
nucleation and growth kinetics of LHP nanocrystals.

The acid-base chemistry of a binary aliphatic amine-acid
ligand system is critical in determining the morphology and
optical properties of cesium lead bromide nanocrystals both
during and after synthesis.”*®> Which ligand species are
binding the surface, and by what mechanism, is highly de-
pendent not just on the nature of the surface, but also on the
interactions between the ligands and precursors in solu-
tion.?® In our system, by scanning the molar ligand concen-
tration range 0.7 to 1.2 base:acid, we move from a regime of
excess acid to excess amine, which should have a distinct ef-
fect upon the ratio of the different specifies present (amine
versus ammonium, carboxylic acid versus carboxylate). NMR
studies have demonstrated that oleic acid protonates
oleylamine in aprotic solvents, leading to the formation of
ammonium carboxylate salts.>"**> The equilibrium of this re-
action is affected by temperature, with higher temperatures
pushing the equilibrium towards the reactants.”” Further, an
increased concentration of carboxylic acid leads to an in-
creased concentration of ammonium ions, and a lower tem-
perature also leads to an increased ammonium ion concen-
tration.?* Our results have shown that, within the bounds of
ligand ratios and combinations that we have studied, the
dominant peak position and median emission show a much
stronger dependence on reaction temperature versus base:
acid ratio (Fig. S2t). The peak emission intensity shows a
stronger dependence on base:acid ratio, though with no
clear relationship across the data set. For example, the peak
intensity for C8B-C8Ab occurs at a low base:acid ratio
(<0.9), whilst for C8Bb-C8A it occurs at higher base:acid ra-
tios (>1.0). This again suggest that the ligand branching, af-
fecting surface packing and ligand diffusion in solution and
through the ligand monolayer, is a critical factor. Further, as
it is known that surface trap states in LHP nanocrystals,””
and the crystal phase,®® both strongly affect photo-
luminescence brightness, it seems that the changing base:
acid ratio in our study is having a significant effect on sur-
face structure, passivation and/or crystal structure, but a
lesser effect on the overall size of the nanocrystals.

It is also important to note that a limitation of fluores-
cence spectra is that little information can be discerned for
nanoparticles above the quantum confinement regime (7 nm
here, with emission around 525 nm), as changes in size and
shape do not yield changes in emission, therefore structural
characteristics outside the quantum confinement regime can-
not be discerned. Accordingly, it would be highly beneficial
to include also inline absorption spectroscopy in future stud-
ies, as such analyses reveal additional information, for
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example on crystal structure, which are not discernible from
the photoluminescence spectra alone. An important reaction
variable that was not studied in the current work, but could
readily be integrated, is the reaction time. For example, it
was previously shown that by extending the reaction time un-
der the conditions previously used for CsPbBr; nanocube syn-
thesis, nanowires with diameters below 12 nm and lengths
up to 5 um were obtained.®” It is evident that the more the
reaction parameter space can be expanded (including further
input variables and output variables), the more powerful this
data driven approach to product optimization will be. This
will be the focus of future work.

We note that there are some mechanistic differences in
how the synthesis of LHP nanocrystals proceeds in our
microreactor as opposed to the flask-based approach. Follow-
ing the hot-injection approach developed by Kovalenko and
co-workers,” CsPbX; nanocrystals form after the injection of
a Cs-oleate solution into a hot octadecene solution of PbX,
(from 140-200 °C), followed by rapid quenching in an ice
bath after five seconds. In contrast, in our microfluidic reac-
tor precursors are mixed at room temperature in a micro-
fluidic manifold, and then conveyed to a rod which heats the
reaction solution to the desired reaction temperature (90-190
°C herein), with a residence time of 30 seconds before
cooling to room temperature. Despite these differences, our
previous studies have demonstrated excellent agreement in
results obtained using equivalent reaction conditions in the
microfluidic and bulk approaches.*® This is an important ob-
servation, as it makes comparisons between literature data
using the hot-injection approach and our microfluidic data
meaningful. However, it should not be forgotten that the
microfluidic approach has inherent advantages (such as
rapid mixing and heat transfer leading to lower polydisper-
sity,®” excellent batch-to-batch reproducibility®® and potential
for industrial scale-up®®) that mark it as a desirable synthesis
methodology in itself, and not solely as a means of
performing high-throughput screening.

5. Conclusions

Herein, we have demonstrated how an automated micro-
fluidic reactor with in situ photoluminescence characterisa-
tion can be used to map a two dimensional parameter space
(scanning base:acid ligand ratio and reaction temperature),
in search of reaction conditions that yield quantum confined
nanostructures with bright and narrow emission properties.
Our results demonstrate the time and material efficiency of
automated multidimensional parameter screening versus a
one-factor-at-a-time optimization approach normally under-
taken in conventional synthesis routes.

We feel this approach shows potential for impact in some
areas of study that are pertinent to the advancement of the
LHP nanocrystal field. First, it is desirable to discover and em-
ploy reaction conditions that yield inherently low polydisper-
sity, rather than relying on post hoc product purification to
isolate specific products, which is both involved and ineffi-
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cient. We have demonstrated this by identifying two reaction
parameters sets in the C8B-C8A experiment that both yield
bright and narrow emission. Second, it evident from the liter-
ature that the binary organic amine-acid ligand system has
some disadvantages (e.g. poor surface binding®’) that inher-
ently limit the product stability. Our study herein has demon-
strated the complexity of the parameter space for even a rela-
tively simple binary ligand system, with a strong dependence
on reaction temperature and ligand ratio. The discovery and
optimization of new ligands, and formulations in multinary li-
gands systems, will likely require such advanced experimental
approaches to aid new discoveries. Third, as we enter a data-
driven era of nanomaterials discovery and optimization,>>®’
we feel approaches such as the one presented herein may
yield extraordinary gains when combined with advanced tools
such as machine learning and directed evolution.”®”">
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