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Abstract

We investigate the early stages of cesium lead bromide perovskite formation through
absorption spectroscopy of stopped flow reactions, high-throughput mapping and di-

rect synthesis and titration of potential precursor species. Calorimetric and spectro-
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scopic measurements of lead bromide complex titrations combined with theoretical
calculations suggest that bromide complexes with higher coordination numbers than
previously considered for non-polar systems can better explain observed behaviors.
Synthesis mapping of binary lead halides reveals multiple lead bromide species with
absorption peaks higher than 300 nm, including a previously observed species with
a peak at 313 nm and two species with peaks at 345 and 370 nm that also appear
as reaction intermediates during formation of lead bromide perovskites. Based on
theoretical calculations of excitonic energies that match within 50 meV, we give a pre-
liminary assignment of these species as two dimensional magic sized clusters with side
lengths of 2, 3 and 4 unit cells. Kinetic measurements of the conversion of benzoyl
bromide precursor are connected to stopped flow measurements of product formation
and demonstrate that the formation of complexes and magic sized clusters (i.e. nucle-
ation) is controlled by precursor decomposition, whereas the growth rate of 2D and 3D

perovskites is significantly slower.
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Lead halide perovskites are a class of materials with widespread applications in solar
cells, ! light-emitting diodes,? lasers® and other optoelectronic devices.* Nanocrystals of these
materials with quantum yields approaching unity have been created through post-synthetic
treatment or synthesized directly. This high quantum yield®® also facilitates novel applica-
tions in quantum information” and collective luminescence.® However, the reactions leading
to perovskite nanocrystal formation are not well understood, which impedes the develop-
ment of next-generation materials with higher stability and structural control.® Connecting
monomer generation in solution with the formation of nanocrystals has been fundamental

to understanding the synthesis process in other systems.®'? This understanding has led
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to a more controlled, rational design of nanomaterial synthesis through tuning of precursor
conversion. 1314

Equivalent systematic investigations for lead halide perovskites have been challenging.®
This is due in part to the significantly higher rate of reactions involved - reactions occur
over a period of seconds to minutes at low temperatures'® - especially compared to II-VI
or III-V nanocrystal synthesis, ! which can take hours at elevated temperatures. The ionic

nature and ease of phase transformation!”2°

of halide perovskites increase the difficulty of
understanding the synthesis process. In addition, the species that is added to the growing
nanocrystal, the lead halide complex, may have various stoichiometries, may form cluster
compounds and may depend on the halide precursor being used. Studies measuring the
kinetics of precursor decomposition and determining the effects on downstream reactions are
missing in the context of perovskite nanocrystals. A variety of halide precursors have been

621 and non-aromatic acyl halides,?>?? silyl halides,?*% alkyl

reported, including aromatic
halides,? a-haloketones?” and benzyl halides.?® We choose here to focus on benzoyl bromide
as a precursor, as it has has shown particular promise in reliably forming high quality metal

6,21

halide nanocrystals®“" and undergoes reaction at room temperature.

In this work, we combine stopped-flow observations, high-throughput synthesis, titra-
tion, theoretical studies and modeling to elucidate the precursor chemistry involved in the
synthesis of CsPbBr3 nanocrystals and related species. We investigate four sets of reactions

that are required in combination in order to form nanocrystals:

1. Decomposition of organohalide precursors to form halide ions
2. Complexation of halide ions from 1. with lead to form monomer units
3. Combination of monomer units from 2. into nuclei

4. Addition of monomer units from 2. to nuclei from 3. to form nanocrystals

We determine rate constants and rate laws of benzoyl bromide decomposition. Next, we

interrogate the formation of lead bromide complexes with multiple titration and theoretical
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methods and discuss our results within the context of previous literature reports. Poten-
tial magic-sized-nanosheet intermediates are found in transient measurements and through
high-throughput experimentation at some low-bromide conditions. These intermediates can
be synthesized separately without cesium, and may have an effect on steering the reaction
cascade towards particular nanocrystalline products. Finally, we utilize stopped flow ab-
sorption spectroscopy measurements to show that the formation of metal halide complexes
and the appearance of magic-sized-nanosheets is limited in rate by the benzoyl bromide de-
composition, while the growth of larger lead bromide and cesium lead bromide species is
limited by other processes. Ultimately, understanding the processes involved in synthesis of
lead halide perovskite will facilitate the rational design of improved nanocrystals, such as
those with greater stability. The lessons learned from investigating the precursor chemistry
will further understanding and control over the formation of a broad range of metal halide

nanostructures.

Results

Reaction of Benzoyl Bromide

To understand the initiation of the reaction cascade that gives rise to metal halide perovskite
nanocrystals, we investigate the decomposition of a model precursor, benzoyl bromide. In
this model reaction first reported by Imran et al,® benzoyl bromide and oleylamine react to
form oleylbenzamide at room temperature, releasing bromide anions to form the nanocrystals
as confirmed by NMR (see Figure S5). We observe that benzoyl bromide has a distinctive
double peak optical absorption feature at 295 nm and 282 nm, which shifts to 277 and 270
nm when treated with oleylamine (Figure 1 A). Reactions with oleic acid were not observed
to occur by absorption spectroscopy within one minute at 30 °C, though they may occur at
higher synthesis temperatures (Figure 1 B, blue line). Tracking the decay of the absorption

peak at 295 nm allowed us to utilize stopped flow spectroscopy to determine kinetic rates
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(Figure 1 B). Rate laws are first order with regards to the concentration of oleylamine and
benzoyl bromide, as would be expected from this reaction (Figure 1 C). A rate constant of

! was measured at 30 °C. Adding oleic acid reduced this rate constant

around 3 mM™! s~
to around 2 mM~! s7!, and this value did not substantially change with different ratios of
oleic acid to oleylamine (Figure 1 D). While we would expect the rate of benzoyl bromide
decomposition to decrease, since protonated amines cannot be utilized for the nucleophilic
attacks required for the formation of oleylbenzamide, the fact that there is only a slight
decrease suggests that the oleic acid/oleylamine equilibrium is fast enough to not change the

rate substantially (for more information on the oleic acid/oleylamine equilibrium see Figure

S1). We thus find the rate equation under the influence of oleic acid at 30 °C to be:
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Figure 1: Reaction of Benzoyl Bromide A) Spectra of benzoyl bromide and oleylbenzamide,
at a nominal concentration of 0.5 mM B) Stopped flow data of changes to the the absorbance
at 294 nm with time. C) Calculated rate constant as a function of OA/OLA ratio D)
Variation of calculated rate constant with Oleic Acid / Oleylamine Ratio

Lead Bromide Complexation

After precursor decomposition releases bromide ions into solution, the bromide ions must
form complexes with lead to form monomer units which can then react to nucleate and
grow nanocrystals. To gain insight into the complexation equilibria between the lead bro-

mide complexes and lead species with no bromide complexation, we titrated lead oleate -
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Figure 2: Titration Data A) Background corrected absorption spectra of bromide titration
into lead oleate B) Reaction enthalpy measured by isothermal titration calorimetry of bro-
mide titration into lead oleate. C) Change of the absorbance of several peaks observed in
panel A) as a function of bromide equivalents added
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oleylamine solutions with oleylammonium bromide while observing changes in absorption
spectral features. With no bromide added, a lead oleate complex shows an absorption peak
at around 250 nm (Figure 2 A, leftmost purple line). Addition of oleylammonium bromide
generated in-situ gradually causes a red-shift, with the addition of six equivalents of bromide
leading to a peak at 295-300 nm. Further addition of bromide then leads to the formation
of the previously identified species with the characteristic absorption peak at around 313
nm, which saturates at around 30 bromide equivalents. A high oleylamine to lead ratio was
required in order to prevent formation of species with absorption features above 313 nm
(Figure S2).

From isothermal titration calorimetry (ITC), we can gain a sense of reaction progress by
directly measuring the reaction enthalpy (2 B). There is a strong exothermic signal during
the initial addition of oleylammonium bromide, reaching up to -30 kJ per mole oleylammo-
nium bromide added. This signal is reduced quickly upon further addition of oleylammonium
bromide to approximately -5 kJ/mol at six equivalents of bromide, and then decays down
close to baseline at the end of the titration (around 28 bromide equivalents). Isothermal
titration calorimetry in principle allows the determination of the heats of reaction, as well
as equilibrium constants and the number of additions to a complex, in carefully controlled
environments. Due to the overlap of multiple reactions, the ITC data shown here cannot be
interpreted as showing a particular type of reaction. What is clear, though, is that there is a
qualitative difference between the reactions occurring within the first 6 equivalents of oley-
lammonium bromide and the reactions occuring thereafter, corresponding to the formation
of the species with the 313 nm peak in the optical spectrum.

Using the optical absorption data, we tested model equilibria of complexation, including
single component lead bromide complexes coordinating between 2 and 6 bromide anions,
as well as dimers forming from 3,4 and 5 coordinated complexes. We chose these models
because they allow us to compare the fit of models proposed in literature (formation of

PbBry ) with the possible models given by further complexation of more bromide ions up
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to the octahedral coordination observed in halide perovskite crystal structures (formation of
PbBri~ ). We add the possibility of dimer formation to account for small cluster formation.
2Br : Pb** + 2Br~ < PbBrt + Br- < PbBr,

3Br : PB** + 3Br = PbBrt + 2Br~ <% PbBry + Br— < PbBr;

ABr : PU** +4Br~ 2 PbBrt + 3Br~ < PbBro + 2Br~ < PbBry + Br— < PbBr;>
5Br : Pb** + 5B~ < PbBrt + ABr~ =X PbBry + 3Br~ <X PbBry + 2Br~ < PbBry? +
Br~ 2 PbBr;?

6Br : PB** +6Br~ < PbBrt + 5Br~ =2 PbBry + 4Br~ <=2 PbBr; + 3Br~ = PbBry? +
2Br~ =X PbBr;® + Br- <X PbBry!

3Br-Dimer : 2PB2* + 7Br~ =X 2PbBr* + 5Br~ <2 2PbBry + 3Br~ < 2PbBr; + Br— <2
PbyBr;?

4Br-Dimer : 2PV + 9Br~ <X 2PbBr* + TBr~ <2 2PbBry + 5Br~ = 2PbBr; + 3Br~ <
9PbBr;? + Br~ <2 PbyBry®

5Br-Dimer : 2P0*" + 11Br~ = 2PbBr+ +9Br~ <2 2PbBry + TBr~ <% 2PbBry +5Br~ =
2PLBry? + 3Br~ =2 2PbBri® + Br- <2 PbyBriy

We created a computational method that allowed the fitting of spectra over multiple
equilibrium variables. For each model, we optimized the equilibrium constants by simulating
the distribution of complexes under a given equilibrium law, fitting the spectra of each
species either through linear interpolation and iterative subtraction of defined spectra or
through linear regression of each wavelength to generate an extinction spectrum, and finally
determining the resulting overall fit to the titration data. We have found that fits using
iterative linear decomposition of spectra resulted in more realistic predicted spectra of the
different lead bromide species (Figure 3 D) and lower errors in reproducing experimental
data compared to multivariable linear regression. By comparing the residuals of different
methods, we can attempt to understand which models give reasonable approximations of the

observed data (Figure 3 A). In this case, the models 5Br, 6Br and 5Br-Dimer are roughly
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equivalent and have roughly half the observed error of the next best equilibrium models.
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Figure 3: Analysis of PbBr, Complex Titration Data A) Mean squared error for different
models tested. B) Simulated concentrations of species from the best performing model in
(A), 5Br, at points at which the measurements were conducted. Colors are the same as those
used for the extinction spectra in D. C) Residual error of each wavelength for 5Br model.
D) Calculated extinction spectra for the different species in the 5Br model.

Using DFT calculations, we can gain additional insight into the energetics of the reac-
tion. We generated a manifold of different possible lead complexes coordinated by amine,
carboxylate and bromide groups, with ammonium groups present as counterions in a non-
polar dielectric medium with €,.; = 2. For each PbBr, combination, we identify the complex
with the lowest Gibbs formation energy. We observe that lead complexes binding up to
two amine groups are stabilized by 12 - 24 kJ/mol relative to complexes without binding
amine groups, and binding more than two amine groups appears generally to destabilize the
complex, regardless of coordination number. Complexes with coordination numbers above

six frequently decompose during geometry relaxation, so we do not consider them here. By
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Figure 4: DFT Structures and Energies of Lead Bromide Complexes Dark grey: Pb; Blue
N; white H; red O; light grey: C

using ammonium bromide as an uncharged addition agent, we can then analyze the Gibbs
energy of reaction for each bromide addition. This energy is quite negative for each addition
up to PbBré’, at around 50 - 70 kJ/mol per additional bromide added. This suggests that
equilibria of lead binding more bromide counterions are highly favourable beyond three bro-
mide ions - which is reasonable from hard-soft acid-base theory, in which lead and bromide
ions are well matched.?” The favourable binding also matches experimental observations in
aqueous solution measuring bromide ion concentrations, which report PbBr2~ as the com-
plex at high bromide concentrations.®® We also note that forming dimers appears generally

favourable as well, in line with previous observations of multinuclear complexes. 3!

Potential Magic-Sized Cluster Intermediates

After monomer units have formed, the next step in the formation of nanocrystals is nucle-
ation. We use high-throughput synthesis and analysis routines we established previously?® to

further probe the synthesis of lead bromide at varied concentrations of oleylamine and bro-
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Figure 5: High Throughput Synthesis at low Br : Pb ratios A) Spectra used to analyze the
synthesis. Dotted lines depict theoretically predicted exciton peak values of 2x2, 3x3 and 4x4
square nanosheets of OLA,PbBr, composition.?? B) R? values of high-throughput spectra.
C) Map of product distribution as a function of bromide and oleylamine concentration.
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mide (Figure 5 C) in search of potential intermediate clusters. This factorial search showed
that the three main binary lead halide products previously identified - PbBry nanocrystals,
2-D OLA,PbBr4 nanosheets, and the lead bromide complex absorbing at 313 nm - are the
main products of this reaction at Br : Pb > 6. Below this ratio, other products may appear.
Using the previously developed deconvolution algorithm?® and manually adding new refer-
ence spectra (Figure 5 A) until the collection of spectra is well described (Figure 5 B), these
unknown products (UK1, UK2, UK3) can be grouped into species with three distinct absorp-
tion features: 1) species with rising absorption band starting at around 310-330 nm (UK1),
2) species with a broad peak around 360-370 nm (UK2), 3) species with a peak around 345
nm (UK3). UK1 looks visually similar to the products in the lead oleate titration and likely
corresponds to lead bromide complexes with a single lead atom, though we cannot perform
our previous optical analysis to figure out which coordination number is most likely due to
noise in the spectrum below 300 nm. At low OLA : Pb ratios, this product is adjacent to
PbBr; nanocrystals at a Br : Pb ratio of around 2, as would be expected stoichiometrically.
Surprisingly, the transition to OLAsPbBry can also occur at this stoichiometry at slightly
higher OLA:PD ratios - likely the result of a transformation process from PbBry nanocrystals
observed previously?°?3 and investigated in detail elsewhere.3? At higher OLA : Pb ratios,
the second (370 nm) species appears at bromide concentrations between the 2 D perovskite
nanosheet and the first species. The point at which OLA;PbBry, and the species UK2 form
then shifts gradually to a Pb : Br ratio of 4 : 1 as the OLA to Pb ratio increases. Species
UK3 (345 nm) occurs primarily between the 313 nm product and the lead bromide com-
plexes, at a Pb:Br ratio above 4:1. Based on the results of the titration experiments, it
appears unlikely that products 2 and 3 are complexes with a single lead atom. Based on
comparisons to theoretical calculations,? the species at 345 and 370 nm may be assigned
to a two dimensional perovskite 3x3 or 4x4 unit cell plate, respectively - the error to the
predicted absorption maximum is only 50 meV. A similar identification of the peak at 313

nm with a 2x2 unit cell plate may also be made. We will use the terms 3x3 and 4x4 magic
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sized cluster (MSC) hereafter, though we would like to stress that this is a provisional assign-
ment lacking structural characterization, similar to initial assignments made for magic sized
clusters in III-V13 and II-VI3%35 nanocrystal formation studies. While magic sized clusters
usually have very sharp peaks, we believe that the lability of lead halide species may cause
them to experience subtle differences in coordination environment, which could easily lead

to shifts in the spectra, and thus a broad peak that can change in width and position.

MS 1 : 345 nm, 3x3 plate MS 2 : 370 nm, 4x4 plate 1 ML OLA,PbBr, : 395 nm

S 60.0s 160s
- 31.95s 80s
o | 16.0s 40s
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Figure 6: Kinetic Data with potential Magic Sized Cluster Intermediates The stacked plots
correspond to absorption spectra taken during the reaction at logarithmic time intervals,
with the bottom corresponding to the beginning of the reaction and the top corresponding
to the end of the reaction. Dashed vertical lines are placed in the plots to guide the eye
towards 345 nm (MS 1, 345 nm, 3x3 plate), 370 nm (MS 2: 370 nm, 4x4 plate) as well as
the final species formed.

We were also able to observe the formation of the potential 3x3 and 4x4 MSCs using
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stopped flow absorption spectroscopy (Figure 6). Both of these species appear at 0.5 - 1 s
after a species with an absorption edge starting around 340 nm is formed, which is most
likely PbBr3 or PbBry based on our titration analysis. We further observed that species with
345 and 370 nm absorption features occur during the formation of different products. Most
obviously, the formation of single layer nanosheets through direct nucleation will generally
form a species with an absorption spectrum at 370 nm. This species is longer lived at higher
olelyamine concentrations and lower temperatures, where a rather sudden transition to larger
species can be observed. A species with an absorption peak at 345 nm is clearly present in
synthesis of 2 and 3 layer thick nanoplatelets as well as in some synthesis of nanocubes.
There appears to be a transition to a species with a peak around 380 nm, which could
itself be a magic sized cluster containing cesium, perhaps a smaller version of the 399 nm
species identified previously.?® This species then shifts in wavelength continuously until the
final product is reached. We have also synthesized larger quantities of these clusters which
are stable at room temperature and under open atmosphere for several hours. Attempting
to transform these species with cesium oleate reveals that the 370 nm (4x4 MSC) species
transforms mostly to monolayer nanosheets with a peak at around 395 nm and only gradually
transforms into larger species (Figure S6). These observations suggest that the 370 nm (4x4
MSC) and 345 nm (3x3 MSC) species may be involved in differentiating pathways towards

different products.

Effect of Bromide Precursor Conversion on Reaction Kinetics

Using the same stopped flow data, we can also analyze the effect that the release of bromide
ions has on the formation of different species, illustrating which part of the nanocrystal
synthesis reaction network is controlled by precursor reactivity. We calculate the amount
of bromide released over time based on the initial conditions of the reaction and the 2nd
order rate law determined in equation (1). We then compare this release of bromide ions to

the formation of different species in solution by observing their relative absorbance at 313
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Figure 7: Influence of Bromide Conversion Kinetics on Species Formation Rates A-F Se-
lected spectra of species formation; G-L simulated release of bromide compared to change
in absorbance at 313 nm over time. A and G: PbBry complex (Br:Pb ratio ~ 2), B and
H: Pb,Br, complex (2x2 MSC, Br:Pb ratio ~ 16), C and I: potential 3x3 MSC, D and
J: OLA;PbBr, (1 ML), E and K: CsPbBr;s (Cesium lead bromide perovskite), F and L:
OLAQCSQPbgBI‘lO (3 ML),
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nm, a wavelength at which virtually all lead bromide species absorb light and that is high
enough above the band gaps of all but one of the clusters we have identified that it is likely to
scale most directly with the number of lead bromide unit cells. By comparing the calculated
bromide concentration against the measured absorbance values, we get a sense of what parts
of the synthesis process are limited by the decomposition of the precursor and thus follow
the trend given by the calculated bromide concentration, and which parts are limited by
other processes and lag significantly behind the release of bromide. As we can see in Figure
7 G, H and I, the bromide complexes (G) as well as the potential magic sized clusters (H
and I) follow the calculated bromide concentration curve. Lead bromide complexation and
formation of small lead-bromide nanosheet nuclei thus proceed at a rate that is faster than
the reaction of benzoyl bromide with oleylamine. However, this does not appear to hold
true for larger species: single layer OLA5PbBry, three layer OLA5CsyPbsBryg, and CsPbBrs
nanocrystals. All of these initially follow the curve given by the bromide concentration but

then proceed more slowly once initial nuclei are formed after ~ 0.1 — 1 s.

Discussion

Our investigation into the decomposition of benzoyl bromide (Figure 8 A) showcases that the
precursor decomposition kinetics that are crucial for II-VI and III-V nanocrystals are simi-
larly important for metal halide nanocrystals. In principle, different acyl halides and similar
compounds may provide a platform for synthesis modulation of perovskite nanocrystals in a
fashion analogous to the thiourea compounds developed for II-VI nanocrystals. 1437
Another important result of this study is improved understanding of the lead bromide
complexes in solution (Figure 8 B). Previously, lead bromide complexes with a peak wave-
length of approximately 313 nm have been identified as [PbBry] due to their spectral

similarity to complexes in acetonitrile®® and equilibria observed in dimethylformamide.?’

However, spectra of complexes can shift due to different solvent and coordination environ-
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Figure 8: Reaction scheme detailing the species investigated here, their relationships to
each other and function in the synthesis. A) Benzoyl bromide conversion to halide ions,
B) complexation of lead with bromide ions, C) Potential magic sized cluster intermediates,
D) Nanocrystalline products, E) comparison of rate constants. Solid lines denote reactions
investigated here, dashed lines denote reactions that have been investigated in detail pre-
viously,3? dotted lines are placed in analogy to similar transformations of all of the shown
perovskite nanocrystal species (1 ML, 3 ML, CsPbBrj3) to the species absorbing at 313 nm
under addition of OLA. 171820
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ments(acetonitrile,®® propylene carbonate,®' reverse micelles? and water3®). In addition,
this identification contrasts with lead iodide chemistry, where X-ray absorption spectroscopy
suggested hexacoordinated lead iodide complexes in dimethylformamide,*! and where several
hexacoordinated cluster species have been isolated as solids. 24>

Our work combining experimental observations and theory suggest that single center
coordination complexes of PbBr; are unlikely to be the species absorbing at 313 nm and

play an important role in the chemistry of perovskite nanocrystals in apolar solution for the

following reasons:

1. DFT calculations do not show significant differences in the Gibbs enthalpy of reac-
tion for addition of bromides to lead bromide complexes with different numbers of

coordinated bromides.

2. Absorption spectra of a titration series are only poorly described by complexation

equilibria with fewer than 5 or 6 coordinated bromides, or multinuclear clusters.

3. The extinction of the species at 313 nm itself is around threefold higher than that of
the lead bromide species at lower bromide concentrations, which suggests a significant

change to the coordination environment.

We find a compound with multiple lead centers to be the most likely answer based on
our own results and given the observation of such compounds in lead iodide solutions in
more polar solvents. The use of non-polar solvents should reduce stabilization of a charged
complex in solution and the substitution of bromide for iodide should further decrease the
delocalization of charge. Both changes make it more likely to observe a complex with multiple
lead atoms in which charged atoms interact more with each other than with the surrounding
environment. In addition, nanocrystalline intermediates and products appear at a range of
bromide equivalents that can require at most a particular number of coordinated bromides
in the lead bromide complexes acting as monomer units, ranging from 2 equivalents for

PbBrs, OLAPbBry and 370 nm species (4x4 MSCs) to 4 equivalents for 345 nm species (3x3
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MSCs) and > 6 equivalents for the 313 nm species (2x2 MSCs or other Pb,Br, clusters)
(relationships as shown with arrows between Figure 8 B and C). We give here an initial
overview of possibilities we find likely. More research to differentiate these possibilities for
lead bromide complexation in polar and non-polar solutions is needed.

Observing the potential role of magic sized nanosheet clusters in the synthesis of per-
ovskite nanocrystals and nanoplates adds additional insight into the formation process of
perovskite nanocrystals (Figure 8 C, red box). The observation of the 370 nm cluster
in formation of 1 ML nanosheets and the 345 nm cluster in the formation of perovskite
nanoplates and nanocrystals suggests that there may even be differentiating pathways be-
tween the clusters. The rapidity of transformation of the 370 nm cluster to 1 ML nanosheets
and the subsequent slow transformation to thicker nanostructures supports this interpreta-
tion. The central position of very small nanosheets in the synthesis of diverse nanoplate and
nanoparticle products matches well with previous theory developed for CdSe nanoplatelet
formation. %6 *® However, while we have occasionally observed kinetics that are in line with
Ostwald ripening between thin and thick nanosheets (Figure S3), our observations suggest
that in most cases the formation of nanosheets of the final observed thickness or even a
transition to an isotropic shape occurs rapidly while the nanosheets are still small in lateral
extent.

Finally, by integrating the precursor conversion of benzoyl bromide with stopped flow
measurements of product formation (Figure 8 D), the relative rates of these kinetics could
be elucidated (Figure 8 E). Complexation and formation of nuclei are fast - even faster
than the decomposition of a reactive agent - while growth proceeds more slowly, even if all
reagents have been released into solution. Based on our data, it is unlikely that the major
factor impeding growth here is Ostwald ripening of the same species - if this were the case, we
would expect to only observe a shift in the peak position of the exciton (change in size) but no
change in the absorbance above the bandgap (change in total number of unit cells). That we

observe both suggests that it is the attachment of monomers to the nanoparticles themselves

19

https://doi.org/10.26434/chemrxiv-2024-m6z37 ORCID: https://orcid.org/0000-0002-1443-8877 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-m6z37
https://orcid.org/0000-0002-1443-8877
https://creativecommons.org/licenses/by-nc/4.0/

that proceeds at a slow rate. This is substantially different from previous work on II-VI

10,11,14

nanocrystals where precursor decomposition is the rate limiting step, and suggests

that different approaches to controlling the formation of nanocrystals may be successful, as

has been shown recently through equilibrium control by Akkerman and coworkers. %59

Conclusion and Outlook

In this work, we have investigated the precursor chemistry and early reaction kinetics of
lead bromide species, including cesium lead bromide perovskites. We determine equilib-
rium constants for the oleylamine / oleic acid equilibrium based on NMR measurements
as well as for lead bromide complexation based on optical and calorimetry measurements.
Further, we determine the rate constant of decomposition for benzoyl bromide. We show
that current models of lead bromide complexation in non-polar solvents must be expanded
to include higher-coordinating and multinuclear lead bromide species to accurately describe
existing data, which is further supported by DFT calculations. The extent of bromide ex-
cess over lead leads to important changes in the final lead bromide nanoparticle products
observed as well, with observation of species that may correspond to 3x3 and 4x4 magic sized
nanosheets. We also observe similarly absorbing species in synthesis of single layer lead bro-
mide nanosheets and in perovskite nanocubes and 2 and 3 atomic layer nanoplatelets. We
show the effect that bromide release has on all of these species, and find that bromide release
is the rate determining step in the formation of lead bromide complexes and the potential
magic sized clusters, but that growth of larger nanostructures proceeds slowly through ad-
dition of monomer units after the initial nuclei have formed. Together, this work forms
the basis of a more nuanced and holistic understanding of the chemistry involved during
nucleation and growth of lead bromide perovskites.

This work also highlights possible synthetic targets, such as the potential magic sized

cluster species absorbing at 313, 345 and 370 nm that could be used in order to confirm

20

https://doi.org/10.26434/chemrxiv-2024-m6z37 ORCID: https://orcid.org/0000-0002-1443-8877 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-m6z37
https://orcid.org/0000-0002-1443-8877
https://creativecommons.org/licenses/by-nc/4.0/

the chemical identity and structure, or suggest changes to the model proposed here. Our
work suggests that the reaction pathways of metal halide nanocrystals can be manipulated
through further development of halide precursors, to expand their libraries and tune their
reaction dynamics. Overall, we develop insight into the cascade of reactions important
for perovskite nanocrystal formation. Understanding the fundamental solution chemistry
involved in forming these complex nanocrystals will be crucial to more rational control over

metal halide nanocrystal synthesis and their properties.

Experimental

Materials

Dodecane (>99.0%), lead acetate (Pb(CH3COO)s2, >97.0%), oleylamine (OLA) >99.0%),
cesium acetate (99%), oleic acid (OA) >99.0%) and benzoyl bromide >99.0%) were pur-
chased from Sigma Aldrich. Hexane (mixed isomers, 98 %) was purchased from Fischer

Scientific. All materials were used as received.

Nuclear Magnetic Resonance Spectroscopy

In a 1 mL NMR tube, 15 p L of oleylamine were added to 500 u L of Toluene. 'H NMR
measurements were performed on a 400 MHz Bruker AVB Spectrometer. After each mea-

surement, more oleic acid was titrated into the mixture, and the measurement repeated.

UV-VIS Titration of Lead Oleate

Lead oleate was prepared as described previously.?%?! 3 u L of lead oleate solution, 40
i L oleylamine and 20 p L oleic acid were added to 4 mL of hexane. 300 p L of this
solution were diluted into 2 mL in a quartz glass cuvette for a final lead concentration of

0.065 mM. A benzoyl bromide titration solution was prepared by mixing 3 p L of benzoyl
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bromide with 2 mL of hexane for a final solution concentration of 12.6 mM, or 0.084 Pb
equivalents of bromide per p L. This solution was added stepwise to the solution of lead
oleate - oleylamine, and absorption measurements were taken between every addition. The
reaction was close to instantaneous. A reference sample including the same amount of
oleylamine and oleic acid, but no lead oleate was titrated with the same benzoyl bromide
solution to measure and subtract the absorbance of organic oleylbenzamide generated during
the reaction. Oleylamine and oleic acid were subtracted from all measurements based on the
absorption of the reference prior to titration. A linear exctinction value of oleylbenzamide
was calculated from titration of the reference solution (see Figure S4), and the calculated
absorbance was subtracted from the titrated lead bromide solution. Absorbance values over

1.5 O.D. in raw data measurements were excluded from analysis.

Isothermal Titration Calorimetry of Lead Oleate

Pre-reacted benzoyl bromide solution was prepared by mixing 66 p L OLA with 33 u L. OA
in 10 mL dodecane and adding 13.7 p L benzoyl bromide and briefly shaking the solution
for a final content of 10 mM bromide, 20 mM OLA and 10.4 mM OA. Lead Oleate solution
was added by mixing 3 u L lead oleate solution in OLA (0.66 M Pb content) with 66 L
OLA and 30 ¢ L OA in 10 mL dodecane for a final content of 0.2 mM lead, 20 mM OLA and
10.4 mM OA. All measurements were performed using a TA Instruments Nano isothermal
titration calorimeter (ITC). For measurement, 1.198 4+ 0.006 mL of sample solution was
placed in the sample cell (effective volume of 965 + 5 p L) and 1.198 £ 0.006 mL dodecane
was placed in the reference cell with the reference needle. The syringe was loaded with 250
u L of pre-reacted benzoyl-bromide solution in dodecane. The temperature was maintained
at 25 °C through the titration. After stirring was initiated at 250 rpm, the samples were
allowed to equilibrate until the differential heating slope was < 0.1 x W/h and the standard
deviation in the differential heating was < 0.01 ¢ W over a period of lasting ~ 40 min. After

equilibration, an initial baseline was taken for 2400 s, and then 2.2 + 0.2 p L of titrant
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solution was injected per injection. Between each injection the solution was stirred for 2400
s to allow the system to return to equilibrium. Integration of titration peaks calculates the
heat of reaction. The standard error in the heat of injection is 23 p J and was determined by
injecting water into water. Background subtractions were performed by injecting the ligand
solution into a dodecane solution containing equivalent concentrations of oleylamine and oleic
acid (20 mM OLA and 10.4 mM OA) in an identical manner to the sample measurements

and subtracting the integrated heat from the sample measurements.

DFT Calculations of Lead Halide Complexes

Density functional theory (DFT) calculations for free energies were performed with the Q-
Chem package®(version 5.3.0) using the B3LYP functional®*®5 with a mixed basis for the
optimization and frequency calculations (def2-SVP basis for C,H,0, def2-SVPD for N and Br,
def2-TZVP basis set for Pb).?557 In addition, the def2-ecp was used for Pb throughout®® and
Grimme’s D3 correction.?® Gibbs free energies were computed using the zero-point energy
correction and the entropic contribution is calculated from the vibrational frequencies at
T = 298 K. Solvation energies were approximated by performing single-point calculations
with the implicit solvation model SMD® (using dodecane). The electronic structure was
refined with the large basis set single point calculations using the def2-TZVPPD basis for
all elements.%>7 A combinatorial set of possible charge neutral lead complexes with amine,
carboxylate and ammonium ligation with coordination numbers up to 6 was evaluated for
each PbBr, complex, with x being all integers from 0 to 6, assuming a formal +2 charge of
lead. Reaction energies were calculated with respect to charge neutral amine, ammonium
bromide and ammonium acetate species in solution. The reaction energies of complexes
with a number of bromides were evaluated with regard to the complex with the minimum
number of ligands for charge balance. The structures of complexes with the most negative
Gibbs free energy of reaction compared to the minimal complex are displayed in Figure 4,

and the reaction energies of ammonium bromide addition (and ligand displacement, where
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applicable) were calculated between successive complexes.

Analysis of Titration Measurements

All absorption spectra in which there was no absorbance above 340 nm was used in the
analysis, background subtracted and selected as described above. This data was fit directly
to equilibrium constants. First, the chosen equilibrium constants and the titration conditions
were used to calculate substance concentrations using chempys equilibrium system solver. %!
Based on these calculated concentrations, for each species we determined the points where
only that species and species with a lower coordination number are occuring at fractions
above 5%. The extinction spectra were then calculated by iteratively finding, for each
species, the points at which no other absorbance should be present, then taking the average
of the absorbance values divided by the concentration values at each wavelength, and then
subtracting the reference spectra from the rest of the dataset. We constructed a loss function
based on the logarithm of the mean-square error of fit to the combined spectra and the
average variance in absorbance values of the extinction spectra, combined with a penalty
for negative absorption values in the extinction spectra. In cases where it was not possible
to determine the spectra, a high value was returned. This function was optimized with
respect to the equilibrium constants using active learning with a gradient boosting regression
tree surrogate function as implemented in scikit-optimize with bounds for the equilibrium
constants between 1072 and 10!, 250 function calls with expected improvement as the

acquisition function.

In-situ Stopped Flow Experiments

All stopped flow experiments were performed on an Applied Photophysics SX 20 stopped
flow spectrophotometer using a photodiode array with 25 ms integration time for 1000 time
points. The stopped flow chambers were stored under ethanol, then filled with toluene and

emptied three times, then filled with dodecane and emptied three times before measurement.
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Stock solutions of Br, OLA, OA, Cs-OA and Pb-OA were prepared as described previously,2°
but diluted to 8.5 or 0.85, 3.0, 3.2, 1.0 and 0.66 mM in dodecane, respectively. All stock
solutions were added to the syringes used for loading the stopped flow chambers with volumes
varying between 10 - 100 uL. and mixed with dodecane to a final volume of 2 mL. For
synthesis experiments, OLA, OA, Cs-OA and Pb-OA solutions were placed in one syringe
and Br solutions were placed in the other syringe. Each experiment was performed at least

in triplicate for a duration of 60 seconds.

High-Throughput Synthesis and Optical Analysis

For high-throughput synthesis, dodecane solutions of lead oleate (200 x diluted from a Pb-OA
stock solution), benzoyl bromide (800 x diluted), oleylamine (100 x diluted) and oleic acid
(80 x diluted) were freshly prepared. Using a Hamilton NIMBUS4 Microlab liquid handling
robot, dodecane, oleylamine, lead oleate, oleic acid and cesium oleate solutions were added
in varying proportions to a 96 well plate equipped with single-use 1 mL glass vials. The
entire plate was heated to the reaction temperature while shaking at 300 rpm and kept
at the reaction temperature for 800 s. Under continued shaking, benzoyl bromide solution
was added to each vial, for a final reaction volume of 500 p L. This addition sequence was
typically performed within 600 s. The plate was kept at the reaction temperature and shaken
for another 600 s after the addition. 30 pu L of each 500 u L final reaction solution were
removed, diluted with 270 x4 L dodecane and placed into a 96-well Hellma quartz microreader
plate. A Biotek Synergy 4 microplate reader was used to evaluate the reaction solutions.
An automatic calibration was carried out before each plate was measured, then absorption
spectra were recorded from 200 to 500 nm in 1 nm increments with a single reading per data
point, while emission spectra were recorded from 350 - 500 nm in 1 nm increments with an
excitation wavelength of 315 nm, a detector sensitivity of 70 and a single reading per data

point.
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