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Methylammonium lead iodide perovskite (MAPbl;) nanocrystals (NCs) exhibit favorable photophysics for a range of light
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emitting applications. A comprehensive mechanistic understanding of the nucleation and growth processes for these NCs is

still elusive. Absorbance and fluorescence spectra were measured during a NC synthesis with kinetics limited by precursor

solvation using a rapid sampling technique wherein syringe filters quench NC growth. The signal from well-capped NCs in

the reaction mixture was isolated by the use of polar syringe filters, enabling spectroscopic observation of the surface

ligation process. Our results indicate that the formation of these NCs involves a single stage of nucleation and growth,

followed by a terminal surface ligation stage.

Introduction

Organic-inorganic hybrid perovskites are promising materials
for a range of applications owing to their attractive electronic
properties, such as low exciton binding energy, high carrier
mobility, and low-cost synthesis. Solution processed, quantum-
confined nanocrystals (NCs) of these materials are generating
particular interest for light-emitting applications due to their
exceptionally high fluorescence quantum yield coupled with a
narrow and easily tunable emission spectrum in the visible
wavelength region. This has driven significant research towards
optimizing these NCs for applications in light-emitting devices,
lasers, and optoelectronics'™® by changing precursors or
adjusting initial reaction conditions to yield NCs with different
electronic properties or morphologies.”** A mechanistic
understanding of nucleation and growth in these NCs would aid
in this effort.

The classic model of NC formation proposed by LaMer
comprises three discrete stages.’>?'8 The precursor
concentration must first increase until a critical supersaturation
point has been reached. Self-nucleation then occurs until the
precursor concentration has dropped below the critical
nucleation concentration, at which point the newly-formed
nuclei begin growing to form NCs. The duration of the self-
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nucleation stage is a key factor in determining the size
distribution of the resulting NCs. Syntheses that follow a ‘burst
nucleation’” mechanism aim to rapidly exceed the critical
supersaturation point. Strategies include the rapid injection of
a solution containing a high concentration of one of the
precursors, rapidly lowering the temperature of the reaction, or
adding a co-solvent in which the precursor is less soluble.”/11.19-
24

Following nucleation, the rate of growth for some NCs can
be described as a function of precursor diffusion,'’18 but for
other NCs the growth stage may be more complicated. Recent
work suggests that the perovskite crystal structure is not fully
formed at the beginning of this growth period, instead existing
as a plumbate complex with cations (methylammonium,
formamadinium, cesium, etc.) still diffusing into the lattice.2>28
Additionally, Ostwald ripening, where smaller NCs are re-
solubilized and consumed by more stable, larger NCs, can cause
defocusing of the size distribution.?°-32

The surface plays a significant role in the nucleation and
growth of NCs.3337 Understanding the surface is key for
understanding the electronic structure, function, and growth of
NCs owing to their large surface-to-volume ratios. Surface
ligands are commonly used to prevent aggregation and
passivate electronic trap states that arise from dangling bonds
at unoccupied surface sites.3’3° These trap states occupy
energy levels between the HOMO and LUMO bands and
significantly reduce NC fluorescence quantum yield.

One possible model of NC surface evolution during
formation is illustrated in Figure 1a, where the NCs after the
nucleation event are well-passivated while they continue to
grow. During this process, the decreasing quantum
confinement causes a redshift in the fluorescence spectrum.
Recently, a terminal stage of colloidal NC formation has been
proposed after the NCs have completed their growth.*® The
redshift of the fluorescence spectrum and the increase in
fluorescence intensity typically ascribed to the growth stage are
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instead shown to result from increased passivation of NCs by
ligands attaching to dangling bonds on the NC surface, Figure
1b. Classical nucleation and growth can also be followed by a
secondary nucleation event wherein small, poorly-capped NCs
from the first growth stage aggregate, Figure 1c.*! For NCs that
exhibit aggregative nucleation and growth following classical
nucleation and growth, it is the aggregative nucleation stage
that determines the final nanocrystal size distribution. While
these mechanisms have been observed and rigorously studied
in chalcogenide NCs*?%8 and other systems,*3 additional
measurements are required to determine which, if any, of these
models can be used to accurately describe the surface during
the formation of hybrid perovskite NCs.

Tracking NC absorbance and emission spectra is a quick,
simple, and effective way to monitor NC growth and
passivation.>* The decrease in quantum confinement as the NC
diameter increases causes a red shift in their band edge
absorbance and fluorescence. Additionally, increased emission
intensity indicates the passivation of surface trap states by
capping ligands.3%>>56:40 The most common method of sampling
NCs during growth involves sequentially extracting aliquots of
the reaction mixture and centrifuging each sample for several
minutes to remove solid reactants, quenching the reaction and
minimizing sources of scatter. The absorbance and fluorescence
of these samples can then be measured.?1419.252857-59
However, during centrifugation individual NCs can continue to
grow or dissolve back into precursors, and the fractional
passivation of their surface by ligands can change. As a result,
this sampling method fails to provide an accurate snapshot of
the NCs and their surface during growth. In situ spectroscopic
measurements of CdSe NCs have been conducted using a
transmission-reflectance dip probe, removing the sampling
problem.®® This technique is most effective when measuring
reaction mixtures without an excess of solid precursor so
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Figure 1: Models of the NC surface during growth. (a) The surfaces of nascent NCs are
well-capped throughout growth. (b) Nascent NCs are poorly-capped during growth, only
becoming well-capped in a distinct surface ligation stage near the end of NC formation.
(c) Aggregative nanocrystal growth wherein smaller, poorly-capped NCs aggregate to
form a larger NC.
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scatter at the tip of the probe is minimal. Fluorescence
measurements during growth require that the reaction mixture
be sequentially sampled, and for a typical fluorimeter
configuration the sample must be diluted to prevent inner-filter
effects. While this may not negatively affect NCs with a stronger
lattice, such as CdSe NCs, dilution causes hybrid perovskite NCs
to exfoliate into nanoplatelets, radically altering their electronic
properties.®! The soft lattice of hybrid perovskites also limits the
utility of in situ transmission electron microscopy (TEM)
measurements during NC growth, as even fully grown, stable
perovskite films and NCs may be damaged by the electron beam
during TEM.®2%% In situ measurements of absorbance,
fluorescence, and small-angle X-ray scattering (SAXS) using
microfluidic reactors®>%” also provide insight, but these
measurements occur under conditions that do not represent
those found in a typical wet-lab synthesis.

Perovskite NCs are typically synthesized using either ligand-
assisted reprecipitation (LARP)7*®5° or hot-injection?®
techniques, where nuclei are produced rapidly via burst
nucleation®>184168 3nd subsequent NC growth can be complete
in a matter of seconds to minutes. In these conventional
synthetic methods, nucleation occurs in an environment that
includes extreme temperature and/or concentration gradients,
introducing sources of inhomogeneity to the nuclei and
resulting NCs, limiting the scalability of the reaction. A non-
polar solvent that reduces the solubility of the polar precursor
salts can be used to increase homogeneity in the reaction
mixture during nucleation and growth. Small amounts of
organic ligand can then serve to mediate the synthesis by
solvating the precursor, making it available for nucleation. This
solvation step limits the rate of the reaction, allowing the
reaction to be well-mixed during the formation process. This
increases the homogeneity of the reaction environment,
improves reaction scalability, and substantially increases the
number of measurements that can be made during NC
growth.%®

In this paper, we measure absorbance and fluorescence of
the reaction mixture during a ligand-mediated synthesis of
methylammonium lead iodide (MAPbI;) NCs. Since the lead
iodide and methylammonium iodide precursors are insoluble in
the non-polar solvent, aliquots of the reaction mixture contain
suspended solids that can scatter light and interfere with
spectroscopic measurement. Centrifugation can remove these
solids, but the species in the sample may evolve during this
procedure. To decrease the delay time between aliquot
removal and measurement, we use syringe filters to quickly
remove solid components from the reaction mixture. The
absorbance and fluorescence of sequentially extracted aliquots
of the reaction mixture show the evolution of the species within
the mixture and their dynamic electronic structure. Additional
insight into the physical and electronic structure of the nuclei
and growing NCs is gained by comparing measurements of the
reaction mixture after it passes through filters of different
polarities. These experiments show that the formation of hybrid
perovskite NCs includes a surface ligation stage that increases
NC stability and photoluminescence.

This journal is © The Royal Society of Chemistry 20xx
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Experimental
Absorbance and Fluorescence Measurements

MAPbI; NCs were synthesized via a solvation-mediated
synthesis previously reported.>®7° Two aliquots of the reaction
mixture were extracted at 16 discrete time points during five
separate syntheses. Each aliquot was filtered through either a
PTFE or nylon membrane syringe filter into a 1 mm path length
cuvette. This removed solid precursors that cause scatter,
enabling nearly in situ absorbance and fluorescence
measurements using a homebuilt instrument, Figure S1.
Spectra measured for aliquots extracted at the same time
points during the five separate syntheses were averaged, shown
in Figure 2. The standard deviation in the spectra at four
selected time points is indicated by the shaded region. The
standard deviation for all time points is shown in Figure S3.
Further information regarding the reagents, synthesis, and
sampling may be found in the supplemental information.

Transmission Electron Microscopy

TEM images were obtained with an FEI Titan 80-300 kV STEM
equipped with a C; image corrector operating at 300 kV. The as-
synthesized NCs were filtered and further diluted in hexane
immediately before drop-casting onto lacey carbon TEM grids
with an ultrathin carbon support film.

Results and Discussion
Transmission Electron Microscopy

Figure 2 shows TEM characterization of NCs grown for 120
minutes, equalling the longest reaction time used in any of our
experiments. A high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of NCs
filtered through PTFE is shown in Figure 2a, whereas a bright-
field image of NCs filtered through nylon is shown in Figure 2b.
The two samples of NCs exhibit similar circularities of 92+.2 and
93+.03 for PTFE- and nylon-filtered NCs, respectively. This is in
agreement with previous literature reports that this synthesis
produces highly spherical nanoparticles.>® Filter material is
shown to have little effect on the size of particles in the filtrate,
Figure 2c,d, as filtration through PTFE and nylon each result in
NCs with an average size of 3.7 nm £ 1 nm.

While TEM is commonly used to characterize NCs, rinses
with anti-solvent and centrifugation are typically required to
remove superfluous organic ligand before imaging, particularly
at the high magnifications necessary for accurate size
quantification. Without these steps, images suffer from poor
contrast and uneven background intensity as the ligands
polymerize under the high energy beam and deposit onto the
TEM grid. The perovskite NC solutions may change as a result of
these preparatory procedures, yielding TEM images that may
not accurately reflect the original population.”* Further, it is
known that TEM causes irreversible damage to perovskite thin
films.637273  Since the surface plays a central role in
degradation,’*7> the large surface-to-volume ratio of perovskite
NCs renders them highly susceptible to damage during TEM

This journal is © The Royal Society of Chemistry 20xx
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Figure 2: TEM characterization of PTFE-filtered (a,c) and nylon-filtered (b,d) NCs after

120 minutes of growth. Image of PTFE-filtered NCs was taken in HAADF-STEM (a), nylon-
filtered NCs were imaged in bright-field TEM (b). Size distribution information shows
both NC populations have an average size of 3.7 nm (npre=540, Npy10n=592).

measurements.’2%4 Consequently, unstable nascent NCs may
degrade too quickly for reliable imaging and characterization.
Rapid, non-destructive characterization techniques, such as
optical spectroscopies, are necessary to study NCs sampled and
filtered during early stages of nucleation and growth, when
nascent, growing NCs are unstable.

Absorbance and Fluorescence Measurements

Aliquots filtered through the PTFE filters exhibit absorbance
at 375 nm after 3 minutes, Figure 3. We attribute this to
plumbate complexes that form at the beginning of MAPbI;
syntheses.?’” The solution appeared to reach the critical
nucleation threshold within the first 3 minutes, as indicated by
the appearance of a broad fluorescence feature centered near
640 nm. The fluorescence intensity continued to grow over the
first few minutes, alongside the onset of broad absorbance
extending to 600 nm. After nine minutes of reaction time, two
distinct peaks at 545 and 585 nm appeared in the absorbance
spectrum and at 600 and 650 nm in the fluorescence spectrum.
The fluorescence intensity continued to increase until 20
minutes of reaction time, at which point the 600 nm peak began
to lose intensity and the spectrum started to redshift. This
corresponded with the disappearance of the absorbance
feature at 545 nm and a rapid increase in absorbance at 585 nm.
The intensity of the 585 nm absorbance reached a maximum
after 35 minutes of growth, then began to lose intensity while
the band-edge absorbance shoulder at 635 nm exhibited
significant growth. We attribute the absorbance at 635 nm to
larger NCs that only weakly confine an exciton. Meanwhile, the
fluorescence peak at 600 nm weakened substantially and the
overall spectrum became significantly more unimodal. The
spectrum continued to redshift and increase in intensity during

J. Name., 2013, 00, 1-3 | 3
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Figure 3: Absorbance (left) and fluorescence (right) of reaction mixture filtered through PTFE (top) or nylon (bottom). Traces represent an average of 5 syntheses with shaded areas

showing standard deviations for selected time points
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Figure 4: Comparison of fluorescence spectra for perovskite NCs during formation after filtering through PTFE (blue) or nylon (red). (a) Integrated fluorescence intensity. (b) Average
emission wavelength. (c) Normalized fluorescence intensity at 600 nm (solid), 650 nm (dashed), and 665 nm (dotted).

the final hour of the synthesis. NC samples filtered through
polar nylon membranes produced starkly different absorbance
and fluorescence spectra, particularly during the beginning of
NC formation. At early reaction times there was significantly
less absorbance from plumbates, as these were more
effectively removed by the polar nylon membrane. Emission
was not detected until after 15 minutes of growth, when a weak
and broad peak centered close to 650 nm was detected,
characteristic of MAPbI; NCs that are only weakly confining the
exciton, as opposed to the two peaks observed at 600 nm and
650 nm for NCs filtered through PTFE after an equivalent growth
time. This suggests that the polar nylon filter removed the
smaller NCs that would exhibit fluorescence at shorter
wavelengths. Thus, we conclude that the smaller NCs must be
poorly-capped by organic ligands. The exposed NC surface is
polar and more likely to be adsorbed to the nylon filter. The

4| J. Name., 2012, 00, 1-3

intensity of the fluorescence spectrum grew rapidly and
redshifted slightly between 15 and 35 minutes for the nylon-
filtered samples. This corresponded to the beginning of the
redshift observed in the fluorescence of PTFE-filtered NCs,
although those spectra showed little change in overall intensity
during the same time period. Following 35 minutes, the
fluorescence of nylon-filtered NCs continued to gain intensity
and redshift. The absorbance tail at 635 nm, which we ascribe
to larger NCs, first appeared in nylon-filtered NCs after 20
minutes of growth and proceeded to slowly increase for the rest
of the synthesis. Although this feature increased in intensity
throughout the experiment, up to the last measurement at 120
minutes, the optical density was still much lower than in the NCs
filtered through PTFE. However, despite the weaker
absorbance, NCs filtered through nylon exhibit much stronger
fluorescence with a narrower line shape than those filtered

This journal is © The Royal Society of Chemistry 20xx
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through PTFE. This is further evidence that filtration by a nylon
membrane removes poorly-capped NCs that contribute to
absorbance but not fluorescence.

Plotting the integrated fluorescence at each time point
revealed stark differences in the rate of intensity increase for
NCs filtered through either PTFE or nylon, Figure 4a. PTFE-
filtered NCs showed a sharp, linear increase in integrated
fluorescence during the first 20 minutes of the reaction.
Following 20 minutes there was a distinct change in the rate of
intensity increase, though it remained linear. The change in
integrated fluorescence intensity of nylon-filtered NCs during
growth was sigmoidal, with an onset that was delayed until 15
minutes. The integrated fluorescence intensity of the nylon-
filtered NCs increased rapidly and exceeded that of the NCs
filtered through PTFE after 30 minutes. The rate of increase in
fluorescence intensity slowed significantly after 50 minutes.

Figure 4b shows the average fluorescence wavelength at
each time point during NC growth. Immediately after
fluorescence was detected from the PTFE-filtered sample the
spectrum began to redshift. As the 600 nm peak reached its
maximum intensity after 20 minutes of growth, a slight blueshift
in the average wavelength was observed as the intensity of the
600 nm peak overtook that of the lower energy 650 nm peak.
This suggests that during this early stage of NC formation the
population of small NCs that fluoresce at 600 nm grew faster
than the population of larger NCs that fluoresce at 650 nm.
Concurrently, the nylon-filtered sample began to exhibit
detectable fluorescence after 15 minutes of growth that was
redder than that of the PTFE-filtered sample. As the reaction
proceeded until the final measurement at 120 minutes, the
average emission wavelength for both samples approached 675
nm, typical for weakly-confined excitons in MAPbl; NCs.

Figure 4c shows the increase in fluorescence intensity
during NC growth for the features at 600 nm, 650 nm, and 665

Journal ofsMaterials Chemistry|C

nm. The fluorescence of the PTFE-filtered samples at these
three wavelengths increased initially at a similar rate. After 20
minutes of growth the fluorescence intensity at the three
wavelengths began to diverge, providing insight into the source
of the inflection point shown in 4a. The peak at 600 nm reached
its maximum at 20 minutes before it started to decay, indicating
that this species is being consumed by the formation of new,
redder emissive nanoparticles. This could be due to aggregative
growth or a coalescence/ripening process wherein particles
dissolve and are consumed by larger particles that continue to
grow. The fluorescence intensity measured at 650 nm most
closely mimicked the integrated fluorescence intensity in the
PTFE-filtered sample, Figure 4a, and continued to increase
linearly, though at a slower rate than during the first 20 minutes
of NC growth. The rate of increase in the fluorescence intensity
at 665 nm slowed after 20 minutes of growth, but the intensity
grew faster at 665 nm than at 650 nm, since the broad feature
that spanned this wavelength range redshifted as its intensity
increased. In contrast to the linear increase in fluorescence
intensity measured in the PTFE-filtered NCs, the fluorescence
intensity of NCs filtered through nylon did not begin to increase
significantly until after 10 minutes of NC growth, and then
increased sigmoidally. The fluorescence line shape of NCs
filtered through nylon did not include a peak at 600 nm, so the
increase in fluorescence intensity measured at this wavelength
was instead a result of the broad feature centered at 650 nm.
The rate of increase in fluorescence intensity at 650 nm and 665
nm was similar to that measured in PTFE-filtered NCs, with the
fluorescence intensity at the redder wavelength increasing
faster, again indicating that the fluorescence feature spanning
this wavelength range was redshifting as it increased in
intensity.
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Figure 5: Aging of perovskite NCs grown for 15 (a,b), 35 (c,d), and 120 (e,f) minutes after filtering through PTFE, monitored by fluorescence (a,c,e) and normalized differential

fluorescence (b,d,f). Fluorescence of filtered reaction mixture was re-measured at several ages post-filtration to observe how the NCs changed over time. Differential fluorescence

spectra are the difference between the emission spectrum at each post-filtration time point and the spectrum recorded immediately following filtration, normalized by the intensity

of the fluorescence spectrum immediately following filtration.
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Nanocrystal Aging and Degradation

Analyzing the stability of the nascent NCs at different stages of
growth provides deeper insight into the composition of these
transient species. Aliquots of the reaction solution were
extracted after 15, 35, and 120 minutes of growth and
immediately filtered through a PTFE or nylon filter, Figure 5 and
Figure S4, respectively. We measured the absorbance and
fluorescence spectra of each solution at a series of time points
after filtration, which we term the ‘age’ of the NCs post-
filtration. Figure 5a,c,e shows the fluorescence of PTFE-filtered
NC solutions as they aged. After 15 minutes of growth the
emission spectrum measured
exhibited two peaks. Six minutes after filtration, the intensity of

immediately after filtration

the blue edge of the fluorescence spectrum (<580 nm) had
decreased. As the solution continued to age, the portion of the
blue edge of the spectrum that decreased in intensity widened,
up to 585 nm after 40 minutes and up to 590 nm after 120
minutes of aging. This is more clearly visualized by plotting the
difference between the fluorescence spectra collected during
aging and the spectrum measured immediately after filtration,
Figure 5b. This plot indicates that the smallest NCs in the
solution were the least stable and dissolved back into
precursors. While the blue-edge of the spectrum receded, the
red-edge of the fluorescence feature centered at 600 nm and
the broader fluorescence peak at 635 nm grew. We ascribe
these spectral changes to Ostwald ripening, whereby the
precursor and ligand that are liberated when the smaller NCs
dissolve are recruited into the larger NCs, enabling them to
grow and become better passivated. However, all of these
features eventually receded as the NCs continued to age,
indicating that after only 15 minutes of growth even the largest
NCs in the reaction mixture were unstable. In addition to the
higher solubility of small NCs, these nascent NCs are likely also
poorly-capped by organic ligands, as suggested by the lack of
detectable emission from these samples after filtration with a
polar nylon filter, Figure 3.

There was markedly less change in the fluorescence
spectrum during the aging of NCs grown for 35 minutes, Figure
5c¢,d compared to that of NCs isolated after only 15 minutes of
growth, indicating that the more mature NCs exhibited
increased stability. The primary fluorescence peak was slightly
redshifted to 638 nm owing to the longer growth time. The
fluorescence spectrum was more stable and did not lose as
much intensity over the 240 minutes of aging. The shoulder on
the high-energy side of the spectrum redshifted as the NCs aged
ripening. However, unlike the
spectrum in Figure 5a, the intensity of this fluorescence peak

and underwent Ostwald

did not decrease. The spectral changes during aging of the NCs
following 35 minutes of growth were smaller than those during
the aging of the NCs grown for only 15 minutes, since fewer
unstable small and poorly-capped NCs remained after the
increased growth time. The increased stability of NCs that have
grown to be larger and better capped is supported by the
observation of emission in the nylon-filtered reaction solution
after 35 minutes of growth.

6 | J. Name., 2012, 00, 1-3

NCs that have grown for 120 minutes, the full length of our
experiment, are significantly more stable than earlier NC
samples, Figure 5e,f. Over the first two hours of aging the
spectrum lost intensity on the high energy shoulder and the
primary peak continued to grow in intensity and redshift
slightly, which we again ascribe to Ostwald ripening. During the
four hours of aging the NC fluorescence continued to gain
intensity, which we interpret as continued improvement in NC
passivation by organic capping ligands. Comparing the
magnitude of the fluorescence changes during aging in Figure
5b,d,f, clearly indicates that the NCs continued to become more
stable during growth.

Two stages of NC formation, each with a distinct rate of
increase in fluorescence intensity, are shown in Figure 3a. The
measurements during the aging of the sample extracted after
15 minutes of growth indicate that NCs were unstable during
the first stage of growth, Figure 5a,b. After proceeding to the
second stage of formation, the NCs were more stable, as
demonstrated in the fluorescence spectra measured during the
aging of NCs after 35 and 120 minutes of growth, Figure 5c-f.
This suggests that the structural changes during the second
stage of formation, after 20 minutes in the case of this particular
reaction, result in a dramatic improvement in stability. This
could be owing to the NCs exceeding a size threshold beyond
which they were insoluble, or that the surface ligation of the
NCs was increasing. The rapid increase in fluorescence intensity
measured in samples that can pass a polar nylon filter during
the second formation stage suggests a change in the polarity of
the NC surface. Thus, surface ligation is likely occurring during
the second stage of NC formation. This may also be
accompanied by continued NC growth, as suggested by the
continuing redshift of the primary fluorescence feature. TEM
characterization in Figure 2 supports this final ligation process,
as there is no difference in the average size of the NCs that pass
through either PTFE or nylon filters. Thus, any difference in the
fluorescence must be owing to changes in surface passivation.

The distinct change in the rate of fluorescence intensity
increase after 20 minutes of growth in the PTFE-filtered NCs and
the simultaneous appearance of detectable fluorescence
intensity in the nylon-filtered samples suggests that the
beginning of the surface ligation stage was a distinct pointin the
reaction at which some threshold was crossed. It is possible that
the free energy of the NC surface depends on its curvature,
changing the equilibrium between bound and unbound ligands
as the NCs grow. Further experiments will be needed to validate
this hypothesis.

Dilution Studies of NC Aggregation

As illustrated in Figure 1c, one possible mechanism for NC
formation is aggregative growth. In this mechanism small,
poorly-capped NCs nucleate to form NC aggregates, and these
aggregates then undergo rearrangement to fuse into one larger
NC. To determine if the second stage of NC formation we have
observed in our reaction is aggregative nucleation and growth
we diluted NC samples filtered at various stages of growth. If
aggregative nucleation occurred at 20 minutes, initiating the
second growth stage, dilution of a sample filtered after 20

This journal is © The Royal Society of Chemistry 20xx
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minutes of growth would cause these newly formed aggregates
to break apart into the smaller precursor NCs that existed at the
end of the first stage of formation. The fluorescence spectrum
of the PTFE-filtered sample grown for 20 minutes did change
upon dilution, Figure S5a. The intensity ratio of the shoulder at
600 nm to the main peak increased, indicating a shift back to
the NC species dominant at shorter reaction times. This was not
observed in the PTFE-filtered samples grown for 35 minutes,
suggesting increased stability, Figure S5b. This could either
indicate that the measured species after 20 minutes of growth
were NC aggregates that were broken apart by dilution, or that
the NCs were poorly-capped, unstable, and susceptible to
Ostwald ripening, particularly after dilution changed the ratio of
bound:unbound ligand to remove even more ligands from the
NC surfaces.

If the distinct growth stage observed 20 minutes into the
reaction was indeed aggregative nucleation, an aliquot filtered
through nylon at that time would consist of newly formed
aggregates with capped surfaces. Dilution of this sample should
then exhibit the fluorescence features of NCs during the first
stage of formation after filtration through PTFE, since the newly
exposed NC surfaces would be poorly-capped. The emission
spectra in Figure S5c exhibited neither a blueshift nor the
reappearance of the 600 nm peak. This indicates that
aggregative nucleation was not responsible for the observed
second stage of NC formation.

A previous fluorescence study of formamidinium lead halide
NCs showed that NCs during the early stages of growth exhibit
sharp, high energy fluorescence peaks attributed to formation
of nanoplatelets (NPTs) as intermediates.®’” These spectral
features are very similar in nature to the fluorescence we
observed during our reactions. It is possible that the species we
observed during the first stage of NC formation are poorly-
capped NPTs that can be adsorbed to nylon filters. If NCs were
formed by the aggregation of these NPTs, we would expect
dilution to break the aggregates back into NPTs, which was not
observed.

Conclusions

Our results demonstrate that sub-populations of NCs can be
selected based on their surface properties through choice of
filter material. Applying this to a solvation-mediated synthesis
has enabled spectroscopic investigation of nucleation and
growth during a perovskite NC synthesis. The data suggest that
in this type of reaction NCs exhibit classical, non-aggregative
growth, potentially via a series of NPT intermediates, with a
final surface ligation phase where poorly-capped NCs become
well-passivated by surface ligands. TEM images that show NC
populations with identical size and morphology distributions
but different fluorescence intensities lend further evidence to
the existence of this final ligation stage. The presented
approach to sampling a reaction mixture during a NC synthesis
opens the door for the application of time-resolved
spectroscopies to the study of perovskite NCs during synthesis,
which will provide further insight into the mechanism by which
these NCs form. Future work will involve examining how NC
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electronic structure is affected by changing reaction conditions
during different stages of NC formation, providing a deeper
understanding of the emergence of NC photophysics.
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